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Preface 

This tixe 57thi volume of the Transactions of the American Institute of Electrical 

durin?i937 S TT Under revised Publication policy adopted 

£ • nder this pohcy, the Transactions contains only finall y reviewed 

SS f a<1 COrrel f ted discussions approved by the AIEE technical program com- 
lttee for presentation at national conventions or District meetW Because of 

volunm^^om^i^t^l^s^M^or^l. DCW ^ ^ 

related dta -« prese » ted at ** foiiow- 

1. 1938 winter convention, New York, N.Y., January 24-28: all papers presented 
except those published in the 1937 volume under the former publication pohcy 

P^ovedfor SUSL£f fct meeting ’ ^ MaSS - 18 - 20: * pap ^ *P- 
3. 1938 summer convention, Washington, D.C., June 20-24: all papers presented 
1937 P vnTm 7 f ?r “ 1939 V0lume * and two ^at were published in the 

1937 volume under the former publication policy. 

^^° n ' Portl - d *Ore.,August9-12: onepaper; others 

tion STfif PUbUCa ^ p0licy also P rovides for the publication of a large propor- 
of + th f ^ proved Transactions papers and discussions month by month hr a 
segregated Transactions section of the monthly issues of Electrical En 
oineerino; extra sheets are printed at the san/time for StSTSSLt 

w the n veIr ^ SACTI ° NS ^ PapetS discussions so pubhshed dur- 

St 1 f.^ C T PnSe pages 1 to 712, inclusive, of this volume; pages 713 to 
796, inclusive, did not appear in Electrical Engineering. 

^ ad ° ption of the new Pubhcation policy involved a change from a program 
aU paperS . Were pubhshed in advance of presentation at an Institute meet- 
mg or convention to a program in which they all were published after such presen- 

^ WaS nCCeSSity a transition P^od of several months during which 
papers and discussions were not completely correlated. Therefore, the first portion 

492 ' contains: C 1 ) discussions of some papers that were 
pubhshed m the 1937 Transactions volume under the previous pubhcation policy 
(2) papers pubhshed before the related discussions became available, in order to 

Tpw* a TrA ? SACTIONS section °f reasonable proportions in the monthly issues 
of Electrical Engineering; and (3) discussions of these papers published sepa¬ 
rately m subsequent pages. From page 493 on, all discussions pubhshed have been 
correlated with their respective papers. v Deen 

Continuing the practice of recent years, fuh correlation of all material in this vol¬ 
ume has been accomplished through the medium of the multientry reference index 
beginning on page 797. A itfem.ee to any of the eevertf aubjetf 

szsgtr di ™ ay to u “ paper * nd *° any discussi “™« w - 



Erratum 


Page 47, fourth line below equation 4, first mathematical 
expression should read "(54) > 2.0," not "(54) < 2.0." 



Electrical Studies of Living Tissue —II 

Correlation Between Tissue Response and Voltage Distribution 


By A. G. CONRAD H. W. HAGGARD B. R. TEARE 

ASSOCIATE AIEE Mem. Am. Physiol. Soc. MEMBER AIEE 


A LTHOUGH opinion differs as to whether tissue 
response to electrical stimulation results directly 
* ^ from imposed electrical quantities or indirectly 

from accompanying chemical changes, there is general 
agreement that the response occurs when a definite thresh¬ 
old value of some changing condition within the tissue has 
been reached. Bishop 1 supports the belief that response 
results when a definite polarization is developed within 
the tissue; Hill 2 associates response with a threshold value 
of cathode potential. We present here evidence to show 
that response occurs when a definite internal voltage has 
been built up in the tissue. Our conclusions are based on 
data obtained from oscillograms of this internal voltage. 

In 1907 LaPique 3 established the relations between the 
intensity and duration of currents producing minimal 
responses in tissue; he described the process of excitation 
as analogous to the charging of a leaky condenser. Since 
then numerous investigators 6-9 have demonstrated that 
tissue possesses capacitance. Hill 2 and Blair 4 have shown 
that an equivalent circuit with properly proportioned 
constants could be used to explain the intensity duration 
curve obtained by LaPique. 8 In a previous paper 6 
we have demonstrated the effects of tissue capacitance on 
the shape of the voltage waves across tissue during 
the passage of current impulses of rectangular wave 
shape. 

Using the voltage wave shapes as criteria of circuit con¬ 
stants, this work has been extended here to define the char¬ 
acter of the equivalent circuits. We find that for rec¬ 
tangular waves of current 0.001 to 0.0001 second in 
duration and from 1 to 10 times the rheobase (the rheo- 
base current is the minimum current that will produce 
a response, that is, it is the current represented by the 
ordinate of the horizontal asymtote to the intensity- 
duration curve) value in intensity that human and frog 
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tissue behaves electrically as a simple circuit consisting 
of one condenser and one or more resistors. The magni¬ 
tude of tissue impedance remains constant throughout 
the duration of the impulse. 

The correlation between tissue response and the voltage 
distribution in the tissue has been determined and is here 
described on the basis of the voltage distribution in the 
equivalent circuits. 

General Method 

In determining the electrical characteristics of tissue, a 
current of rectangular wave shape was applied and the 
accompanying voltage wave across the tissue was recorded. 
The numerical values of the components of the impedance 
thus indicated were calculated. They were confirmed by 
the passing of the current impulse through a suitable cir¬ 
cuit—and equivalent circuit—containing the necessary 
resistances and capacitances to give a duplication of the 
voltage wave. 

To obtain current impulses of rectangular wave shape 
suitable for the electrical analysis of tissue a special 
apparatus was developed. This apparatus and its particu¬ 
lar advantages have been described by the authors.' 

Electrical Characteristics of Human Tissue 

We have previously* described the characteristics of 
human tissue that have led us to correlate the tissue re¬ 
sponses with the voltage distribution in equivalent cir¬ 
cuits. These characteristics are: (1) minimal response 
occurs in human tissue when the potential across the tissue 
reaches a certain threshold value; (2) the voltage required 
to produce a minimal response in different human beings 
may be different, but for a given individual it is a constant, 
regardless of the duration of the impulse; (3) the current 
required to produce a minimal response is a function of the 
duration of the impulse. The time intensity relations 
obtained by the authors are similar to those obtained by 
other investigators. 

Our point of departure from previous investigations of 
ire —Tissue Studies Transactions 1 




Figure 1. Minimal response voltage waves (or shocks of 
different durations 


this kind was in recording the voltage wave across the 
tissue at the time of stimulation. Although the currents 
required to produce responses are a function of duration 
of the impulses, the accompanying voltages are constant 
for each subject. 

Electrical Characteristics of Frog Tissue 

The methods by which the measurements were made 
on the frog have been described by the authors.* The 
voltage wave of frog tissue is of distinctly different 
shape from that obtained across human tissue, indicating 
a different type of equivalent circuit. The dissymmetry 
between the voltage produced across frog tissue and that 
produced across a resistor, although only slight, indicates 
that the frog’s tissue is not purely resistive. The cir¬ 
cuit that most nearly expresses the electrical equivalent of 
frog’s tissue is shown in figure 3; that of human tissue in 
figure 7. 

Figure 1 shows 3 superimposed voltage waves produced 
by current impulses of different duration causing minimal 
responses. In contrast to the result obtained in human 
tissue, the peak voltages at minimal response in the frog 
are not constant. The relations of peak voltages to cur¬ 
rents at minimal response for different durations have 
been shown. 8 

The differences between the shapes of the curves show¬ 
ing the relation of peak voltages to duration in human 
and frog tissue can be explained on the basis of the dif¬ 
ference in the nature of the equivalent circuits of tissue. 
It is evident from the waves shown in figure 1 that the 
voltage does not drop to zero at the instant that the cur¬ 
rent is stopped. Furthermore this residual voltage ap¬ 
pears to be constant regardless of the intensity and dura¬ 
tion of the impulse producing minimal responses. In 
order to determine more accurately the magnitude of this 
residual voltage the sensitivity of the amplifier supplying 
the cathode ray oscillograph was increased so that the 
upper part of the voltage wave was moved off the oscil¬ 
lograph screen and the residual voltage appeared approxi¬ 
mately 2 centimeters high. A series of minimal-response 
shocks was then administered and the corresponding re¬ 
sidual voltages photographed. Figure 2 shows 3 such 
voltages for shocks of different durations. This residual 
voltage, when referred to the equivalent circuit, figure 3, 
is that which appears across the parallel part at the in¬ 
stant the current is shut off. 
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Our interpretation of these findings is that minimal re¬ 
sponse of frog tissue occurs when, and only when, the 
voltage across the parallel portion lias been built up to a 
definite value. 

Correlation of Equivalent Circuits 
to Living Tissue 

An explanation of the shapes of the curves for the lime 
intensity relations at minimal response and also the cor¬ 
responding curves for peak voltages of different tissues is 
afforded here on the basis of the voltage produced in the 
equivalent circuit by the passage of current. 

In the case of frog’s tissue let figure 3 represent the 
equivalent circuit; Ri and Jta the number of ohms in the 
series and parallel portions of this eircuit; C the capacity 
in farads; tj the instantaneous current in C; /« the in¬ 
stantaneous current in R *; 7 the current supplied to 

the circuit; T its duration. A current of rectangular wave 
shape supplied to this circuit will produce a voltage wave 
corresponding to that of figure 1 and shown here in a 
diagram as figure 4. The distance ah (figure 4) represents 
the voltage across A’i produced by the eurreut 7. When 
the current is shut off the voltage across Ri disappears 
giving a reduction in voltage of al. For a rectangular 
current wave the rise in voltage (ah) is equal to the drop 
in voltage al. When the current is first applied the 
condenser acts as a short circuit on the resistor lit) con¬ 
sequently the voltage 7i s is zero and at this instant 7i| is 
equal to the total circuit voltage R. After the current. 



Figure 2. Thresh¬ 
old voltages in 
frog tissue pro¬ 
duced by mini¬ 
mal response 
shocks 



has flowed for some time t a voltage builds up across the 
condenser. The magnitude of this voltage is determined 
by the current J, the resistance 7?s, the capacity C, and the 
duration of the current impulse. The voltage Ei can be 
expressed by the equation 

Et - IRi(l - e~*o) (l) 
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The total voltage across the circuit produced by a rec¬ 
tangular current wave is: 

E tm E\ + Ez ■». IRi -f IRi(l — e^Ric) (2) 

The first term of this equation (IRi) is represented by the 

distance ab f figure 4; the second term IR 2 (l-e~~ltZ)is 
represented by the vertical distance between a horizontal 
line drawn through b and the curve be. Since the dis¬ 
tance ab is equal to cd } the distance de is equal to E% at the 
instant the current impulse is shut off. 

It has been shown experimentally that E 2 at the in¬ 
stant the current is shut off is constant for impulses 
producing minimal response. Therefore for such im¬ 
pulses 

_ T_ 

E2 =* K ~ — e R*c) (3) 

r K 

1 -IX (*) 

.Rj(l — e mo) 

Equation 4 is that for the minimal-response current 
curve. When T is infinite the term 

_ T_ 

e sic 


against duration as in figure 5, it will be represented as a 
horizontal line. The first term of equation 5 (IRj) must 
take the form as plotted on the same axes. The total 
voltage across the tissue producing the minimal response 
will be the sum of these 2 terms which gives a curve corre¬ 
sponding to the total voltage E. 

Since the voltage across the parallel part of the cir¬ 
cuit attains a definite peak value at tire instant any 


Figure 5. Peak 
voltages for 
shocks of differ¬ 
ent durations 
(minimal re¬ 
sponse) 



becomes zero and I is equal to K/R !*, this particular value 
of / being the rheobase. As the duration of the applied 
current is decreased T becomes shorter and the value of J 
must necessarily increase to fulfill the requirements of 
equation 4. 

The voltage across frog’s tissue for an impulse of a rec¬ 
tangular current wave can be expressed as 

_ t_~ 

E = IRi + 7jR 3 (1 - e~R*c) (5) 

but the second term, which becomes 
__r 

IR 2 (1 — e R*c) 

at the end of any minimal-response impulse is always 
constant regardless of the duration T. A minimal-re- 


minimal response impulse is shut off, it is evident that the 
peak current i 2 which flows through R 2 (figure 3) must 
build up to a definite peak value for each impulse causing 
minimal response. If this final peak value of 4 is plotted 
against the duration of the impulse, it will be constant as 
shown in figure 6. If the impulse duration is exceedingly 
long so that the condenser current is zero, this peak value 
of current 4 will be equal to the total current I which in 
this case is equal to the rheQbase K/R 2 . 

From equation 4 it has been shown that the current 
required to produce a minimal response is 


R %(1 — e Ric) 



Figure 3 (left). Voltages in the equivalent circuit of frog 

tissue 


Figure 4 (right). Voltage wave for frog tissue 


(when K is the threshold voltage of the parallel circuit) 
and that the rheobase current, I Rh = K/R 2 . Since I = 
H + 'h and, at the instant prior to “shut off” of the 
current, the peak value of 4 = K/R 2 , then the current 
which flows through the condenser at this instant is 

ii » I — 

=s - K 

JR2(1 * 6 Rid) 2 

When T is infinite the first and second terms of this equa¬ 
tion are equal and i x is zero. For impulses of shorter dura¬ 
tion the value of i x prior to shutting off I, will be 


K 

sponse impulse of short duration therefore, requires a large H 

value of J to keep this term constant and the total peak . 2 \e*tc — .1) 

voltage E must consequently be higher for ^ort impuises From these facts it follows that if the duration were ex- 

because of the increase in IRi. ceedingly short the current ii woiild necessarily be in- 

If the peak value of E 2 - K (value at the end of the finite. The final value of i x for each shock of minimal 

impulse) for impulses of various duration are plotted response when plotted against duration is shown in 
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figure 6. The s um of the currents ij and are also shown. 
The resultant curve expresses the time intensity rela¬ 
tion for minimal response. 

On representing the equivalent circuit of human tissue 
by the diagram and notations of figure 7, equation 1 
(previously applied to figure 3) will represent the voltage 
produced across the circuit (or tissue) by a rectangular 
current wave. We have shown experimentally that this 
peak voltage is constant for any impulse producing mini- 



Figure 6. Peak 
current at instant 
of shut-off for 
minimal response 
shocks 


mal response. The current necessary to produce minimal 
response is therefore expressed by equation 4. The 
curves shown in figure 1 can be derived from equation 2. 
The equation which expresses the voltage necessary to 
produce a minimal response in frog tissue with a rectangu¬ 
lar current wave, is also applicable to human tissue. 
In this particular case Ri is zero and 

T 

E « Ii?2(l - e R t c) = K 


Figure 7. The 
equivalent circuit 
of human tissue 


**2 


r 2 

-A/W-1 


ft 


and explained by the differences existing in the equivalent 
circuits representing these tissues. 

It must be remembered that an equivalent circuit of 
living tissue is not physiological in nature. It is used 
in the same manner as the equivalent circuits of other 
conductors of electricity, such as transformers or motors. 
It is used here only as a means of explaining the correlation 
between some of the electrical and physiological character¬ 
istics of living tissue. Other equivalent circuits could be 
used for this purpose. These other circuits since they are 
equivalent circuits naturally reveal the same correlations. 
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A New High-Speed Distance-Type Carrier-Pilot Relay System 

By E. L. HARDER B. E. LENEHAN S. L. GOLDSBOROUGH 

ASSOCIATE AlEE ASSOCIATE AIEE ASSOCIATE AIEE 


Synopsis: This paper outlines the reasons for application of pilot 
relay equipment, particularly of the carrier-current type. A one- 
cycle carrier-pilot-relay scheme is described which now makes 
available the desirable high-speed and back-up characteristics cf 
step-type distance protection combined with the 100 per cent 
simultaneous tripping feature possible With a pilot circuit. Im¬ 
pedance and over current supervised single-phase directional 
elements are utilized for controlling carrier on phase and ground 
faults, respectively. 

Introduction 

HE ADVANTAGES and necessity of rapid fault 
clearing have been long recognized. Improved en¬ 
gineering means have been gradually made available 
for accomplishing this object so that starting with circuit 
breaker operating times of a half second and relay times 
ranging up to several seconds 10 years ago, developments 
have made available up to the present day standard 8- 
cycle breakers and relays operating in one cycle, on a 60- 
cycle basis. In some instances breaker times as low as 
3 cycles have been obtained. 

The chart in figure 1 illustrates the gain in clearing 
time of transmission line faults available with increased 
speeds of relays and circuit breakers. Clearing times from 
30 to 120 cycles are common with the 24-cycle breakers 
and induction-type relays using time as a basis for selec¬ 
tivity. A major improvement is generally available in 
systems of any complexity by going to high-speed relays 
and again by improving the breaker speed to 8 cycles. 
The further gain available by the addition of carrier pilot 
is of particular importance when the maximum clearing 
time for a fault anywhere in line section is the determin¬ 
ing factor in major features of system design. 

A number of such situations listed herewith are indica¬ 
tive of factors now leading to the application of carrier 
pilot protection on numerous systems. 


6. Ground Relaying Improved. On systems where high-speed 
ground relaying is not feasible otherwise, carrier pilot provides an 
ideal solution. 

7. Out-of-Synchronism. The carrier channel provides means for 
preventing operation of protective relays due to power swings or 
out-of-synchronism conditions while still clearing faults during such 
conditions. 

8. Simultaneous Faults. The added basis for discr imina tion mak es 
possible superior relay performance under the condition of simul¬ 
taneously occurring faults. 

9. Joint Use. From an economic point of view joint use of the 
carrier channel for point to point communication, or for control or 
remote metering may indicate the use of carrier pilot where thr 
relaying requirements alone would not justify it. 

Step-type distance-relay protection is the use of 2 or 
preferably 3 impedance or distance measuring elements 
set for successively greater distances and successively 
longer times. The action of this principle relay protec¬ 
tion is readily shown for a simple series connection of line 
sections with sources only at the ends. While practical 
systems are seldom so simple, the flexibility of setting pro¬ 
vided by this arrangement in obtaining both high-speed and 
back-up protection has proved its adaptability to a large 
proportion of the systems in this country and Canada. 
Approximately 2,000 relays operating on this principle 
are in use. The importance of this point must be stressed 
since the provision of adequate and selective back-up 
protection is frequently a more difficult relay application 
problem than the high-speed protection. 

Figure 2 illustrates the “step” characteristic tripping 
time versus fault location graph of a 3-zone impedance re¬ 
lay on a single series system. The breaker time must be 
added to the time here indicated to get the clearing time 
as shown in figure 1. The tripping characteristic of 
figure 2 is obtained by the use of relay elements respon¬ 
sive separately to 3 quantities, namely: 



1. Stability. Simultaneous clearing improves system stability and 
increases the loads which may be safely carried over parallel inter¬ 
connecting lines. 


2. Quick Reclosing. Simultaneous tripping is essential to fast re¬ 
closing, the combination being particularly effective in increasing 
stability with single tie lines. 

3. Shock to System. System shock, evidenced by voltage dips and 
dropping of synchronous load is lessened by fast clearing. 


4. System Design Flexibility. Desirable system arrangements are 
made possible by carrier relaying which could not be relayed with 
sufficient speeds to permit their use otherwise. 


5. Growth of Faults. The more serious 3-phase and double ground 
faults generally originate as line-to-line or single ground and with 
sufficient speed of clearing the spreading to other phases is greatly 
reduced. _____—---■ 


A paper recommended by the AIEE committee on protective devices Manu¬ 
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E. L. Harder is a switchgear engineer with the Westinghouse Electric;& Manu¬ 
facturing Company, East Pittsburgh, Pa., and B. E. Lbnehan and S. L. Golds- 
boroug! are engineers in the Newark (N. J.) offices of the same company. 


1. Distance of fault from the breaker. 

2. Direction of fault from the breaker. 

3. Time from the beginning of fault. 

Three of the distance elements are required, one direc¬ 
tional element and one timing element having 2 separately 
adjustable time contacts to obtain the characteristic of 
figure 2. The contacts on these elements are arranged 
in the trip circuit as shown in figure 3. Considering 
breaker number 1, faults to the left do not close the direc¬ 
tional contact D. In the first zone, the directional con¬ 
tact D is closed together with all 3 distance elements Zl, 
Z2, and Z3. The breaker is tripped through D and Zl 
without awaiting the closure of the timer contacts, T2 or 
T3. Thus, for the first zone the tripping time is simply 
the operating time of the high-speed directional and dis¬ 
tance elements, normally under one cycle. The second 
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Figure 1. Reduction of clearing times by modernization 


and third elements would also trip after a time delay, for 
faults in this region, but this is of no consequence since 
the first element has tripped the breaker. 

The second zone is beyond the distance setting of the 
first zone element and Z1 therefore remains open for faults 
in this region, the tripping taking place through contacts 
D, Z2, and T2. The prime function of the second zone is 
to trip breaker number 1 for faults between zone 1 and 
breaker number 2. This distance is quite short, about 10 
per cent of the section length, but cannot be entirely elimi¬ 
nated due to the practical accuracies of distance relays, 
current and potential transformers and application data. 
However, the second zone element also has a very impor¬ 
tant function in opening the breaker number 1 with suit¬ 
able time delay in case of faults occurring to the right of 
breaker 2 on bus or lines, which are not properly cleared 
due to the failure or absence of apparatus to perform this 
function. Such failure may be in breakers, trip coils, or 
relays, or there may be small unprotected sections on 
which the expected frequency of fault occurrence does not 
warrant relay protection. 

The third zone extends through the end of the next ad¬ 
jacent section so that breaker number 1 backs up breaker 
3 for faults anywhere in the section 3-4. The second and 
third zones provide selectivity between the back-up pro¬ 
tection of adjacent sections without the necessity of greater 
time settings in successive sections since the third zone 
for one section selects with the second zone for the next 
section. 

The addition of carrier pilot to the scheme extends 
the zone of high-speed tripping up to breaker number 2, 
as shown dotted in figure 2 and eliminates the tripping 
time indicated by the shaded area. This is accomplished 
by a contact on the carrier receiving or blocking relay 
labeled RR in figure 3. This relay is controlled by the 
fault detectors and carrier current so that its contacts only 
close if the fault is within the protected section. The 
trip circuit is completed through D, D2 , and RR, and also 
slightly faster through D and Z1 except for faults in the 
remote end zone. 

The addition of carrier current pilot with separate re¬ 
lays for its control would involve a bulky and expensive 
.addition to the relay equipment. It is a major purpose 
of this paper to show that the requirements for carrier 
control overlap the requirements of the distance relay ele¬ 
ments and have made possible the combination of carrier 



Figure 2. Chart of step-type distance relays 



Figure 3. Elementary diagram of distance-relay carrier- 
current scheme 


pilot action with the step-type distance protection with 
very little added relay equipment. 

Most of the variations in manner of utilizing the carrier 
pilot channel, which were considered in the earlier stages 
of development have been discarded in favor of the scheme 
which may be termed rather generally, “Intermittent 
With Normally Blocked Trip Circuit.” The carrier is used 
in a straight telegraph manner, that is, unmodulated, and 
the principal implications of the name are: 

1. That the carrier is transmitted, at least for the relaying function 
only at times of fault or test. 

2. That advantage is taken of the inherently faster operating possi¬ 
bility of fault detector relays, which need not integrate effect over 
time, as compared with directional elements which must integrate 
forces over a definite time to obtain a correct operating indication. 
Because of this inherent difference carrier may be started and the 
normally blocked trip circuit may always be transferred by the fault 
detectors to control by carrier while the directional elements are 
making up their minds which way the power flows. 

After the carrier is started by the fault detectors, the 
control of carrier and hence tripping is on a directional 
basis. If both directional indications point in, carrier 
transmission is stopped at both ends, the receiver relay 
closes its contacts RR and tripping is permitted. 

With this general picture in mind, the requirements of 
the carrier controlling elements may be stated. 

1. Fault detectors for starting carrier should be separate from those 
for tripping under carrier control, and should be set for a lower 
operating value, for both phase and ground faults. This is to insure 
that the carrier starting element at one end of the line always func¬ 
tions when the tripping element at the other end of the line operates. 
The third zone and second zone distance elements have the necessary 
relationship for carrier starting and tripping fault detectors, and 
substantially equivalent action must be provided for ground faults. 

2. A directional element is required which will close a contact as 
rapidly as possible when and only when the fault power through 
the breaker is flowing into the line. Closure of this contact is neces¬ 
sary only if the fault lies somewhere within the protected sections. 
The second zone trip circuits of a high-speed distance relay possess 
this characteristic since at least one of them (for the faulty phase) 
will close through D and Z2 whenever the fault is within the pro- 
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tected section and none will close for faults back of the breaker. 
Also, none will close due to load conditions on the unfaulted phases 
since the distance elements will not be operated by loads. 

Thus, the third zone element Z3 may be used for carrier 
starting and the second zone trip circuit D and Z2 may be 
used as the directional combination for controlling carrier 
after it is started by the fault detectors. Since these ele¬ 
ments are available in the high-speed distance relay, they 
are used together with the corresponding ground elements 
as illustrated in the wiring diagram figure 4 and schematic 
diagram figure 5, showing the arrangement of a highly 
successful operating scheme built on the principles just 
outlined. 

The upper part of schematic diagram figure 5 comprises 
the tripping circuits and the lower part of the carrier con¬ 
trol circuits. The conventional distance type trip paths 
are: First zone D and Zl; second zone D , Z2, and T2; 
third zone D, Z3, and T3. The carrier-controlled trip¬ 
ping path is composed of D, Z2 } and RRP contacts. For 
ground protection a carrier controlled trip circuit can be 
set up through the contacts A and 7 0 2 of the ground relay 
and the carrier controlled contact RRG . The contacts 
RRP and RRG are on the blocking relay controlled by the 
carrier signal. 

The contacts Z3 (. A, B } and C ) in the lower part of figure 
5 serve to start the transmission of the carrier signal for 
phase faults and the contact /q 3 performs the same func- 



Figure 4. A-c schematic connections for distance-relay 
carrier scheme 


tion for ground faults. These carrier start contacts Z3 
are on the same fault detector elements as the tripping con¬ 
tacts Z3 in the upper part of the diagram. The ground 
carrier start contact I 03 is operated by an over current ele¬ 
ment separate from that which operates the tripping con¬ 
tact. 

Normally, with phase and ground carrier start contacts 
open the grid of the master oscillator tube is connected 
through the resistors Ri, A, and R$, the auxiliary switch 
coils CS , normally shorted by a Z3 back contact, and the 
resistors R cs to the negative side of the battery. Under 
this condition the tube cannot oscillate. However, upon 
closure of any of the Z3 contacts or the ground start con¬ 
tact the grid is connected to the positive bus and the tube 
is thereby caused to oscillate. 

The stopping of the carrier signal is controlled by the 
tripping contacts D and Z2 for phase faults and A and 
I 02 for ground faults. Closure of contacts D and Z2 ener¬ 
gizes the auxiliary switch CSP which closes its contacts 
CSP one of which connects the point P to the negative 
bus. For phase faults carrier is started by Z3 contact 
which makes the grid positive and is stopped by CSP con¬ 
tact which connects the point P and with it the grid back 
to negative. However, if the ground start contact / 03 also 
closes, for example, a phase to phase to ground fault, the 
point G and the grid are made positive and it is then im¬ 
possible for the CSP contact to control the grid. In this 
case the carrier is stopped by the closure of the ground 
contacts A and A energizing the CSG auxiliary switch to 
close the CSG contact which directly connects the grid to 



Figure 5. Schematic d-c connections of distance-relay 
carrier scheme 
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negative. Thus, it is seen that during faults involving 
ground, the action of the ground relays in starting and 
stopping carrier is given preference over the phase relays. 

The purpose of this arrangement whereby the ground 
relays are given superiority in both the starting and stop¬ 
ping of the carrier signal is to prevent possible incorrect 
indications of the phase relays due to load currents and 
the flow of positive- and negative-sequence currents during 
external ground faults on systems with a multiplicity of 
grounding banks. On the other hand, in some cases it 
may be desirable to give the phase relays preference over 
the ground relays or to have no preference at all. Any 
one of these conditions can be obtained by a simple change 
in connections. If the grounding sources are of high im¬ 
pedance, the phase relay during an external fault may be 
operated in one direction by load current and the ground 
relays in the opposite direction at each end due to ground 
current. Without ground preference the line would trip 
out since each end has an internal fault indication. The 
use of single-phase directional elements with impedance 
supervision is very effective in reducing the possibility of 
load indication overriding faults on poorly grounded 
systems as only one-third of the load is opposed to the 
fault current on the active directional element. The 
ground preference scheme is provided in the standard 
system because most faults are grounds and it expedites 
ground clearing. The objection to ground preference 
action of blocking the phase relays in certain cases of 2 
line-to-ground faults or simultaneous ground faults at 2 
locations on a line does not apply to this system since the 
distance protection is still available to protect for this rare 
condition. Grounds are very frequent and authentic 
cases of simultaneous faults are rare. With 2-cycle relay 
time, they should be even more rare. 

The carrier controlled blocking relay RR is a sensitive 
polarized d-c relay provided with 2 make contacts RRP 
and RRG and one back contact RRB. It is provided with 
an operating coil RRT energized by the local battery and 
a carrier holding coil RRH connected in the plate circuit 
of the carrier-current receiving tube. Normally, both 
coils are de-energized and the make contacts are held open 
by a magnetic bias. The relay is prevented from operat¬ 
ing when the carrier holding coil is energized even though 
the operating coil is energized. Closure of the blocking 
contacts RRP and RRG can only be obtained by energiz¬ 
ing the operating coil in the absence of the carrier signal. 
This relay is capable of very high speed, being able to 
close contacts in less than one-fourth cycle (0.004 sec.). 

The complete sequence of events may be briefly sum¬ 
marized as follows: Assume an internal phase to phase 
fault just beyond the zone of the Z1 element. Carrier 
will be initiated immediately at both ends of the line by 
the closure of one of the ZS contacts. Meanwhile, the 
directional and second-zone impedance contacts dose and 
energize the auxiliary switch CSP , stopping carrier and 
energizing the operating coil of the carrier-blocking relay. 
Since the same action has occurred at the far end of the 
line, no carrier is received and the blocking contact RRP 
is dosed completing the trip circuit through D and Z2. 
If the fault had been external to the section, then tripping 
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could not have occurred, since the carrier holding coil RRH 
would have been energized by carrier from the far end. 

If we assume a phase-to-phase-to-ground fault, the 
ground carrier start contact Jo will also dose, making the 
point G positive and it will be impossible for the phase re¬ 
lays to remove carrier through the CSP contacts. How¬ 
ever, the ground tripping contacts (-Do, Z 02 ) will close ener¬ 
gizing the CSG auxiliary rday whose contacts can remove 
carrier. 

Operating Time 

Very satisfactory tripping times are obtained with this 
carrier current pilot relay scheme. The minimum times 
are, of course, obtained for faults within the reach of the 
Zl dements and they are approximately 0.7 to 1.25 cycles 
(0.011 to 0.021 second). For faults in the end zones the 
tripping time is slightly longer because of the time con- 
sinned by the auxiliary dement associated with the carrier 
and varies from 1.5 to 3.0 cycles (0.025 to 0.05 sec.), de¬ 
pending upon the magnitude of the short circuit current 
and voltage. The time consumed by the auxiliary switch 
CSP in removing carrier and induded in the above time is 
approximately 0.3 cycle. This adds very little to the 
overall time in tripping, but during quick reversals of 
power where carrier must definitely be established at one 
end before it is removed from the other end of the line, 
this small time delay provides a positive margin of safety. 

Contacts 

In a circuit of this nature, in order to obtain the maxi¬ 
mum speed of which the rday dements themsdves are 
capable, it is necessary to remove as much of the contact 
bounce as possible. Current loading of the contacts is not 
permissible, since they are required to open the circuit 
themsdves when the breaker is not tripped. These state¬ 
ments apply particularly to the D and Z2 contacts which 
must operate the CSP auxiliary switch and the Z3 carrier 
start contact and similar contacts on the ground rdays. 
In order to diminate contact bounce, it is necessary to 
employ some form of energy absorbing means and, of 
course, the preferable means is one which can absorb the 
energy continuously and not merely during the first blow. 
To accomplish this purpose the contacts and moving ele¬ 
ments have been provided with a unique form of damping. 
The spring-mounted moving contact is in the form of a 
silver capsule partially filled with findy powdered tung¬ 
sten. As the contact strikes the rigid stationary contact, 
the loosely packed tungsten particles slide over one an¬ 
other. The friction developed in the sliding of the tung¬ 
sten particles very effectivdy absorbs the energy* of im¬ 
pact and prevents the contacts from bouncing. In ad¬ 
dition to the damping action of the tungsten powder in the 
moving contact itself, there is provided a cylinder of 
powder mounted directly on the beam of the impedance 
element to further diminate vibration and prevent any 
vibratory energy bdng communicated to the contact it¬ 
self. A similar arrangement is used on the directional 
dement. 
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Out of Step 

It is often desirable to prevent the operation of relays 
during out-of-step conditions as the system may pull back 
into step and if the system does not stabilize itself, it is 
then desirable to separate at locations where frequency 
control for synchronizing is available. The carrier signal 
between the 2 ends of the line provides a means of pre¬ 
venting tripping during out-of-step conditions without 
impairing the ability to trip with reasonable speed for in¬ 
ternal faults occurring during out-of-step conditions. 

The fundamental difference between a 3-phase fault and 
an out-of-step condition is that a fault suddenly reduces 
the voltages and increases the current, whereas during the 
approach of an out-of-step condition the voltage and cur¬ 
rent changes are comparatively gradual. For a 3-phase 
fault the distance elements are all operated practically 
simultaneously while during out of step the most sensitive 
distance element Z3 operates first, followed by Z2 and 
then Zl. As the system returns toward the in-phase 
position, the elements reset in the opposite order, that is, 
Z1,Z2,Z3. 

To prevent tripping during out of step, it is only neces¬ 
sary to arrange for the closure of the 3 Z3 contacts and the 
receiver relay back contact to operate an additional block¬ 
ing relay to open the trip circuit. This blocking relay 
must have a slight time delay so that it does not open the 
trip circuit before tripping on a 3-phase fault can occur. 
On the other hand, it must open the trip ciicuit during an 
out-of-step condition before the second element Z2 is 
operated. A time delay of 3 to 4 cycles (60-cyde basis) 
has been found satisfactory. 

Referring to the schematic diagram figure 5, the out-of¬ 
step blocking contact is designated X2. In parallel with 
it are 3 contacts, A, B, C, which are the back contacts on 
the auxiliary switches A, B, C, operated by the Z3 con¬ 
tacts of the distance relays. The make contacts, A, B, C 
of these switches are in series with the back contact KRB 
of the receiver-blocking relay to energize the coil PR of a 
pendulum-type time-delay relay, whose lower contacts 
make and energize the coil of the X2 blocking relay. 
Every time that all 3 of the Z3 carrier start contacts dose, 
the contacts A, B, C, and X2 open the trip circuit after 3 
to 4 cydes. If the electrical center is inside the section, 
then when the two voltage sources are 180 degrees out of 
phase, the directional and impedance dements at each end 
of the line will be dosed, removing carrier and allowing the 
contact RRB to open, de-energizing the p endulum relay 
PR. The blocking contact X2, however, does not im- 
mediatdy reset because its coil X2, is energized by the 
alternate dosing of the bottom and top contacts PR due to 
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the oscillation of the pendulum. After the amplitude of 
vibration of the pendulum has decreased to a certain value, 
it will not strike either of its contacts and X2 will reset. 
This time dday is adjustable and should be longer than 
the time during which both directional dements “point 
in,’’ which depends upon the length of the “slip cyde” of 
the system. 

It is desirable to dear internal faults occurring during 
an out-of-step condition, but it is not so essential to be 
able to clear at high speed. The ground-rday trip cir¬ 
cuit is not blocked by the out-of-step relay X2 and can, 
of course, trip instantly. On phase-to-phase faults one 
or 2 of the Z3 contacts will reset when the system swings 
in phase, thus allowing one of the back contacts A, B, or 
C to complete the trip circuit without waiting for the 
reset of X2. On a 3-phase fault, however, none of the Z3 
contacts will reset and, consequently, tripping will not 
occur until after the expiration of the X2 time dday. 
The reset of X2 is made possible by the opening of the 
recdver relay back contact RRB. It will be noted from 
the diagram that the back-up tripping through £>, Z3, and 
T3 is shown blocked by the out-of-step contacts in which 
case time dday back-up protection on 3-phase faults dur¬ 
ing out of step is not possible. It is arranged, however, so 
that the T3 connection can be made on the other side of 
the out-of-step contacts, and in this case tripping on out 
of step cannot be prevented for a period longer than the 
time setting of T3. 

The power supply for the carrier set should be unfailing. 
This usually means battery supply with the high-voltage 
direct current obtained from dther of 2 inverted rotary 
converters with automatic-transfer equipment, supplying 
115-volt 60-cyde power to the power pack of the trans¬ 
mitter-receiver. Recent tube devdopments make pos¬ 
sible a transmitter-recdver of moderate power operating 
directly from 125-volt battery, without power pack. 

The communication channel for relaying must be reliable 
and for this reason wave traps or tuned choke coils are 
used. These choke coils insert enough resistance in the 
line to nullify the effect of impedance changes due to 
switching operations on the system. All taps or dead¬ 
end connection of noticeable length should be checked as 
an open line. One-quarter wave length long is a short 
circuit at carrier frequency. If / is the carrier frequency, 
the wave length is (186,000//) miles for open wire line. 

Supervision 

It is desirable to periodically check the condition of the 
carrier set to determine its ability to send and recdve a 
carrier signal. A means for accomplishing this manually 
is provided in the test push button connected in parallel 
with the carrier-start rday contacts. A milliammeter and 
an alarm dement similar to the recdver blocking relay 
are connected in the recdver tube plate circuit. Depress¬ 
ing the test push button sends a carrier signal which 
operates the alarm relays at each end whose • contacts 
operate a bell or other signal device. If the carrier set is 
not functioning, no signal is heard when the test push 
button is operated and this, of course, indicates trouble 
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Figure 7. Two carrier-relay sets being tested on artificial 
transmission system 


which must be investigated. The alarm receiver element 
has a minimum operating value in excess of the minimum 
value required to block the receiver relay from operating 
so that an indication of impending trouble Can be obtained 
before actual failure occurs. 

A periodic manual check every 8 hours is generally con¬ 
sidered sufficient. However, if desired, an automatic 
periodic check can be obtained by arranging the necessary 
time delay relays to initiate carrier at one end of the line, 
transmit to the other end, and then re-transmit to the 
first end. If the carrier fails in either direction, an alarm 
is sounded. 

Figure 6 is more or less typical of certain existing lines 
which must be protected. The application of carrier 
current protection alone to such a line will not operate in 
all cases, as the fault current flow may not be into the line 
at all three terminals. For example, with a fault at F 
and a high impedance source at B , a portion of the fault 
current will flow over the parallel line between B and C. 
The direction being out at B carrier will be transmitted, 
blocking all terminals. With distance protection added, 
breaker C will trip on the first zone setting and as soon as 
the breaker has cleared B and A will trip through the 
carrier relays This will be somewhat faster than the 
second zone time step of the impedance protection as there 
is no time added to allow for long time clearing. Tripping 
occurs immediately after the first breaker opens, while the 
timers must be set longer than the maximum relay plus 
arcing time. 

The carrier starting element is required to start trans¬ 
mission on the occurrence of a fault in the range of the re¬ 
lay setting. For grounds either the line residual current 
may be used or grounding transformer neutral current. 
In the latter case, auxiliary switches on the breakers 
should be used to prevent starting when breaker is open, 
this is essential on three terminal lines where the line may 
be energized with one terminal open. 

All through the development, the idea has been kept in 
mind to prevent tripping a good line and to clear a faulted 
line at the highest practical speed consistent with the 
above requirement. Greater tripping speed is possible, 
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but with less security against errors. In the testing of 
various sets of equipment on the laboratory artificial fine 
several hundred faults have been applied with no failures 
to operate correctly, which could not be traced to some de¬ 
fects in connection or associated apparatus. 

Conclusions 

1. Zone-arranged distance relays haying separate impedance 
measuring elements for each zone contain inherently the necessary 
carrier controlling and tripping circuits for the intermittent-normally 
blocked carrier pilot relay system. 

2. The zoned distance type carrier-pilot relay system affords the 
economic possibility of installing high-speed distance relays at one 
stage in the development of a project and adding the carrier later 
when simultaneous clearing of all faults is economically justified. 

3. With the 3-zone impedance-type carrier-pilot scheme protection 
of the best type available prior to the carrier relay development is 
afforded during intervals when the carrier equipment is out of service. 

4: Spare or “transfer* * breakers equipped with this relay comple¬ 
ment may be switched into use on carrier pilot or high-speed distance 
relayed lines using the same distance relays in either case. 

5. The 3-zone distance-type carrier-pilot scheme having a first 
zone independent of carrier provides proper clearing in most cases 
of multiterminal lines where fault power may flow out at one or 
more terminals during an internal fault on the protected line. 

6 . Experience in over 2,000 installations of the zoned distance 
arrangement both with and without carrier pilot has shown it to be 
more flexible in obtaining selectivity of back-up protection with the 
balance of the system relaying, than any other known arrangement. 

7. Greatest flexibility in testing arrangements and in substitution 
and addition of elements to meet individual system relay require¬ 
ments is afforded by individual switchboard mountings of phase 
and ground relays and auxiliaries. This has proved generally more 
satisfactory than the mounting of all elements in a single case with 
greatly restricted availability of interelement connections for test 
and interconnection with special elements. 
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Some Engineering Features 
of Petersen Coils and Their Application 

By E. M. HUNTER 

MEMBER AIEE 

T HE TUNED-REACTANCE method of grounding faulty circuit but may spread to remote sections of the 
a system neutral was first disclosed by Professor W. system and involve other phases. Experience has shown 
Petersen of Germany in 1917 (German patent number that the possibility of such trouble increases as system 
304,823). It has been used extensively in Europe and voltage and mileage increase. Grounding the system neu- 
other parts of the world and the number of installations tral solidly or through relatively low impedance will reduce 
in the United States recently has been increasing rapidly, the transient overvoltages, but in arranging the neutral 
which suggests that there is a place for the Petersen coil in in this way a momentary flashover to ground on one con- 
American grounding practice. Tracing briefly the instal- ductor becomes a short circuit which must be cleared by 
lations of Petersen coils in this country, the first one was de-energizing the circuit. Thus, with either the neutral 
made in a 44-kv system in 1921. Operating records on this grounded or isolated, an interruption to service may occur, 
system showed that the Petersen coil had improved serv- The Petersen coil or tuned reactance method of ground- 
ice considerably. A second installation of 2 coils was ing eliminates the transient overvoltages of the isolated 
made in a 140-kv system in 1931. Again expected im- neutral system and the short circuits of the grounded 
provements in service were substantiated. Further in- neutral system by extinguishing automatically the arc at 
stallations were made in 33-kv systems in 1935 and 1936. the point of fault. Thus, one advantage of the Petersen- 
Although favorable reports on service continuity were coil method of grounding from the viewpoint of those in¬ 
given on all these installations, up until 1937, a period of terested in maintaining service is that it eliminates the out- 
approximately fifteen years, only a total of five coils were ages associated with flashes to ground usually encountered 
installed in systems in the United States. During the when the system neutral is otherwise arranged. Ground 
same period approximately 1,700 Petersen coils were in- faults usually cause the majority of outages on overhead 
stalled in systems in other parts of the world. transmission lines as may be seen by referring to the latest 

In recent months, 12 more Petersen coils have been pur- report 1 of the subcommittee on grounding of the protective 
chased for installation in systems in various parts of this devices committee. This report gives information ob- 
country. When these installations are completed, it will tained from 27 systems which shows that the percentage of 
bring the total number of Petersen coils in the United the total faults involving ground varied from a minimum 
States to 17, protecting more than 3,000 miles of line of of 30 per cent of a maximum of 97 per cent, with an aver- 
voltages ranging from 33 kv to 230 kv. Further installs- age of 69 per cent. Thus, it may be reasoned that the 
tions are being contemplated by operating companies. A elimination of the outages associated with ground faults 
summary of the various applications of Petersen coils in will result in a substantial improvement in service on many 
this country is listed in table I. systems. 

It is the purpose of this paper to discuss how electric Ground faults may be caused by lightning, wind, sleet, 
service may be substantially improved with Petersen coils, tree branches, birds, etc. A 5-year average of the probable 
Furthermore, a r£$mn6 of some of the practical design causes of ground faults on systems ranging from 26 kv to 
and application features of Petersen coils will be given, 220 kv has been given in a recent AIEE paper. 2 It shows 
based upon the experience obtained from the previously that 73 per cent of the ground faults are probably due to 
mentioned installations. lightning and the rest to 1 ‘other causes.” The Petersen 

coil is capable of quenching flashes to ground from all 
The Place for the transitory causes. It prevents the flash to ground from 

Petersen Coil in Grounding Practice developing into a short circuit which disrupts service. 

Possibly one of the reasons there is renewed interest in 
the Petersen-coil method of grounding a system neutral is 
the fact that it has proved to be a simple, effective, and 
relatively inexpensive means for eliminating the short- 
circuit currents and service interruptions usually associated 
with ground faults on overhead systems when the neutral 
is arranged in any other way. 

It is generally known that a system operated with its 
neutral isolated from ground may be subjected to transient 
overvoltages due to arcs to ground during ground faults. 

Such a disturbance may not confine itself to the original 
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The Petersen Coil 

The fundamental theory of the Petersen coil has been 
thoroughly treated in various papers. Therefore, this 
discussion will be limited to some of the practical aspects 
of an application. 

A paper recommended for publication by the AIEB committee on protective de¬ 
vices. Manuscript submittedOctober 4,1937; released for publication October 
22, 1937. 

E. M. Huntbr is employed in the engineering division, central station depart¬ 
ment, General Electric Company, Schenectady, N. Y. 

1. For all numbered references, see list at end of paper, 





Table I. Petersen Coils in the United States 


Power Company 


Approximate 
Num- Miles of 

ber System Protected Line- 

Date of of Voltage Overhead Supporting 

Installation Coils (Kv) Line Structures Remarks 


Alabama Power Company.1921.1.... 44. 

Georgia Power Company...1929*.1.... 38, 

Consumers Power Company.. 1931.2... .140 

Central Maine Power Company.1935.1,... 33 

Public Service Company of Indiana.1936.1.... 33 

Public Service Company of Denver, Colorado... 1937.1.... 96 

Public Service Company of Indiana.1937.4.... 33 

Metropolitan Edison Company.1937.3.... 66 

Public Service Company of New Hampshire.1937.1.... 33 

Consolidated Gas and Electric Light and Power Company .. 1937.1..., 33 

Southern California Edison Company......1938..... .2... .230 


... 93..... .Wood poles.81 miles of overhead ground wire 

• • 129.Wood poles and steel towers 97 miles wood poles, no ground 

wires 

• * 275.Steel towers.All but 40 miles of line without 

ground wires 

• • 560.Wood poles....No ground wires 

• • 150..Wood poles.No ground wires; 4,250 feet 3- 

conductor cable 

• • 187.Wood poles and steel towers. .31 miles of wood poles; 156 steel 

towers; no ground wires 

. 1,300.Wood poles.No ground wires. 

•• 320.Wood poles and steel towers. 127 miles wood poles; 194 steel 

towers 

• • 120.Wood poles.No ground wires 

•• 30.Wood poles.No ground wires; 3,000 feet 3- 

conductor cable 

.. 260...... Steel towers...2 overhead ground wires 


Total... .17 


* Coil formerly on Alabama Power Company. 


The quenching of an arc by the mechanical separation 
of contacts as in an oil circuit breaker is so universally 
used and understood that often a mental hurdle has to be 
cleared before it can be conceived that an arc can be ex¬ 
tinguished otherwise. The Petersen coil puls out an arc 
without the aid of any moving parts by limitin g the current 
in a hash to ground to a relatively few amperes and keep¬ 
ing the rate of rise of the recovery voltage low. 

Theoretically, the leading charging current of the system 
is neutralized by the lagging inductive current from the 
coil which results in zero current in the fault. In practice, 
this is approximated as closely as conditions will permit. 

The current in the fault consists of several components 
as shown in figure 1. Leading current is derived from the 
inherent capacitance in the lines, insulators, transformers, 
and other connected apparatus. Capacitance is usually 
considered to be a constant. Actually it has been observed 
to vary with weather conditions and corona. Measure¬ 
ments have been taken on a Petersen-coil-equipped system 
which show that the capacitive reactive current incr eased 
approximately 5 per cent during stormy weather. Corona 
also increases the charging current. 

The lagging component of current comes from the 
Petersen coil. The coil reactance is high which permits the 
system neutral to be almost fully displaced during a ground 
fault. 

With complete neutralization of the charging current, 
there is still a small amount of current remaining in the 
fault. This is an in-phase component of current and is 


present in some instances but there has been no occasion 
for compensating for anything other than the fundamen¬ 
tal component- of charging current. Harmonic currents 
of any appreciable magnitude higher than the fifth have 
not been observed. 

The oscillogram on figure 2 shows the current in a Peter¬ 
sen coil and in the arc which was taken during a staged 
test on a 33-kv system. The harmonics Are plainly visible 
in the arc current. System phase-to-phase voltages are 
also shown. It is to be noted that the fault produced no 
change in these voltages with the result that the connected 
load on the system was unaware of the disturbance. 

Whatever fundamental frequency in-phase component 
of current is present in a ground fault is in phase with the 
line-to-neutral voltage of the faulty phase and is easily 
interrupted. In considering arc extinction, the magnitude 
of the residual current alone is not the only consideration. 
The magnitude of the recovery voltage at the time the 
current passes through zero is far more important. Should 
the current in a ground fault lead or lag behind the neutral 
voltage of the grounded phase by approximately 90 de¬ 
grees, and an interruption be attempted at a current zero, 
there is full line-to-neutral voltage available to re-establish 
the arc. This condition obtains when the neutral is 
isolated or solidly grounded. If the fault current and 
voltage are in phase, the voltage phases through zero at 
approximately the same time the current does, and ac¬ 
cordingly, the recovery voltage is low and the arc easily ex- 


derived from the resistance in the series and shunt paths 
in both the capacitive circuits and the Petersen coil. 
Corona loss will also increase the in-phase component of 
current. There is also harmonic current in the fault. The 
Petersen-coil impedance is too high for harmonic currents 
to return in any appreciable magnitude through the system 
neutral so they must return to the system through the 
system capacitance. On those systems which have in¬ 
stalled Petersen coils to date, the third harmonic has been 
almost Completely absent. The fifth harmonic has been 
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Figure 1. Vec¬ 
tor diagram show¬ 
ing relation of the 
components of 
current in a 
ground fault on a 
system with Peter¬ 
sen coil 
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tinguished. This latter case occurs when a Petersen coil 
is in tune with a system. The significance of the part the 
recovery voltage takes in arc extinction may be demon¬ 
strated by staged tests on a Petersen-coil-equipped system 
by applying arcing faults with the coil detuned so that 
there is a predominance of either leading or lagging cur¬ 
rent in the fault as has been done on several occasions. 

Successful arc extinction has occurred on a system 9 
equipped with Petersen coils with the magnitude of the in- 
phase component of current as high as 50 amperes, and 
there is reason to believe that this current is not the out¬ 
side limit that can be successfully handled. 

Factors Influencing 

Characteristics of a Petersen Coil 

The insulation on a Petersen coil is dictated by the volt¬ 
age to which it is subjected. As it is a grounding impedor 
of special characteristics, designed for location between the 
system neutral and ground, it is subjected to dynamic 
neutral-to-ground voltages during ground faults. 

In Europe, the Petersen coil has been insulated for the 
system line-to-line voltage and no protective equipment 
has been provided. In this country, Petersen coils have 
been insulated for system leg voltage- and in addition, pro¬ 
tective equipment has been furnished which is an integral 
part of the coil, consisting of either a station-type Thyrite 
lightning arrester or Thyrite resistor. An internal view of 
a Petersen coil showing the Thyrite resistor is given on 
figure 3. 

Petersen coils installed in this country have all been 
constructed with iron cores except the one for the Alabama 
Power Company. This latter coil was a coreless reactor 
and service experience with it showed that it produced 
surges on switching operations, making it necessary to 
short circuit it during switching. It was found that un¬ 
equal pole opening on one of the system oil circuit breakers 
put the coil and system into series resonance. Series reso¬ 
nance may tend to occur when there is an unbalance in the 
system voltage to ground, but no ground fault is present. 
Trouble of this nature has been entirely absent on all 
subsequent installations and was eliminated by construct¬ 
ing the Petersen coils with iron cores. These cores are 
specially designed to saturate on overvoltages. Satura¬ 
tion changes the coil reactance and destroys resonance. 



The protective equipment included is for the purpose of 
rendering harmless the transient overvoltages which might 
reach the coil through the transformer in the neutral of 
which it is connected. 

The current rating of a Petersen coil is established by 
the system charging current. The coil is designed to pass 
an inductive reactive current which is equal in magnitude 
to the system charging current in the 2 healthy conductors 
when the third conductor is grounded and the system 
neutral is at leg voltage above ground. 

The charging current in a line-to-ground fault on a 
system is not subject to precise calculation as there are 
many factors to be considered which cannot be readily 
analyzed. The location of the equivalent ground plane; 
the effect of the supporting poles or towers on the trans¬ 
mission lines; substation structures, and trees along the 
right-of-way; the variation in sag, angles and bends in 
the lines, etc., and capacitance in connected apparatus, 
all influence the capacitance to ground and make it ex¬ 
tremely difficult to predetermine exactly what the charg¬ 
ing current will be. 

Experience has shown that the charging currents cal¬ 
culated by the aid of Maxwell’s coefficients should be used 
with caution, especially on the medium voltage lines. 
Measurements on several 33-kv systems have given charg¬ 
ing currents as high as 50 per cent in excess of calculations 
for the line configurations in use. For medium voltage 
circuits with overhead lines, the measured charging cur¬ 
rent has varied between 4.8 and 6.7 amperes per 100 miles 
of line per 10 kv of voltage. For high-voltage circuits, 
Maxwell’s coefficients have given the correct current 
within 10 per cent if corrections for corona are included. 

Ammeter measurements of system charging current in 
solid conductor-to-ground faults will usually give currents 
in excess of requirements for the Petersen coil. Such 
measurement includes harmonic currents. The Petersen 
coil functions on the fundamental component of current 
only and accordingly due allowance must be made for the 
harmonic currents. 


Figure 2 (left). Oscillogram 
showing the extinction of 
arcing fault by Petersen coil 


Figure 3 (right). Interior view 
of 33-kv Petersen coil show¬ 
ing Thyrite shunting resistor 
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The Petersen coil winding is tapped so that its inductive 
reactance may be matched with the capacitive reactance 
of the system. Additional taps are usually included so that 
variations in system capacitance resulting from switching 
or system growth may also be compensated. A current 
range on a coil greater than 3 or 4 to 1, however, is usually 
considered inadvisable because with a wider current range, 
a sufficient degree of saturation cannot be obtained in the 
iron core. If a greater range is required, 2 or more coils 
are recommended with the current requirements propor¬ 
tioned among them and provision made for switching them 
in and out of service as required. The taps on the coil are 
brought to a suitable position switch, the handle of which 
in the later coils is located on the side of the tank where it 
is convenient for adjustments as shown on figure 4. Taps 
are provided so that accurate tuning can be readily ob¬ 
tained. The number of these has varied in different coils 
from 10 to 25. The taps are so proportioned that the cur¬ 
rent output of a coil may be adjusted in increments vary¬ 
ing between five and ten per cent of the current rating. 

The thermal characteristics of a coil are usually estab¬ 
lished by whether or not the system has means for locating 
and segregating permanent ground faults. Petersen coils 
with 10-minute time ratings are recommended for systems 
that must remove all ground faults promptly. Time rat¬ 
ings shorter than 10 minutes are discouraged as a multi¬ 
plicity of temporary faults may occur in rapid succession 
and overheat a shorter time rated coil. Petersen coils 
with continuous time ratings should be used where the 
ground fault is likely to remain on the system for a con¬ 
siderable time. Experience has also shown that when per¬ 
manent faults have to be located by cut-and-try methods, 
time ratings of at least one hour are advisable. 

Petersen coils are either furnished with conservators or' 
gas-seals. A coil with a conservator is shown on figure 4. 

General Application 

Petersen coils may be applied to any transmission sys¬ 
tem or network. System voltage is no limit ation on the 
application. Theoretically, one Petersen coil is sufficient 
to protect all parts of an entire system which are metalli¬ 
cally interconnected. However, if the system is extensive, 
it is advisable to install several small coils rather than one 
large one. The combined current ratings of the coils 
should equal the total charging current of the system. 
With several coils loqated in selected sections of the sys¬ 
tem, the loss by switching a section out of service will not 
appreciably affect the protection for the remainder of the 
system. On systems with a limited number of miles of 
line, Petersen coils for compensation of charging currents 
under 5 amperes usually prove to be uneconomical. 

Petersen coils may be applied to systems which are 
operated at present with the system neutral grounded or 
isolated. If the system neutral has been grounded, a 
check must be made to determine if all apparatus con¬ 
nected between the lines and ground, such as, for example, 
transformers and lightning arresters, are insulated for the 
system line-to-line voltage. Power transformers with 
graded insulation may be used with Petersen coils in their 


neutrals, provided the neutral insulation is suitable for line- 
to-neutral voltage. If the system neutral has been iso¬ 
lated, then usually there is little question but what the 
connected apparatus is suitable. 

Petersen coils are designed for location between the 
system neutral and ground. The neutral of any conveni¬ 
ent power transformer bank can be used for this purpose 
or, if none is available, grounding transformers will have 
to be installed. Attention should be called to the fact 
that during ground faults, the Petersen coil imposes an 
additional burden on the power transformer. This usually 
is not serious unless operation for extended periods is con¬ 
templated with one line conductor solidly grounded. In 
the latter case, a reduced power load on the transformer 
may be advisable; the exact amount to be specified by the 
transformer manufacturer. If grounding transformers are 
to be used, the additional burden imposed by the Petersen 
coil should be considered in determining its characteristics. 
On large networks, the use of a multiplicity of coils tends 
to decrease the Petersen coil burden on individual power 
transformer banks. 

The exact location of a Petersen coil in an area to be 
protected is immaterial as far as the proper functioning of 
the coil is concerned. It is desirable, however, from an 
operating viewpoint, to have it in a centrally located posi¬ 
tion preferably where the transmission lines radiate to the 
various parts of the system so that the usual switching 
operations will not separate the coil from a major portion 
of the system. 

Petersen coils will not function properly if the system 
on which they are installed is metallically connected to a 
solidly grounded-neutral system because the solidrneutral 
grounds in effect short circuit the Petersen coil. Like¬ 
wise, an interconnection with an isolated neutral system 
requires retuning of the coil. Two systems, each properly 
compensated with Petersen coils can be interconnected 
without any adjustments of the coils. Tuning is not criti¬ 
cal. On medium-voltage systems, different sections may 
be switched out up to possibly 25 to 30 per cent of the 
total mileage of the system and still obtain successful arc 
extinction without retuning for the new conditions. 

Systems interconnected through autotransformers are 
in effect metallically connected together and if Petersen 
coils are to be used, they must be designed to compensate 
for the charging current of all the lines metallically con¬ 
nected to both sides of the autotransformers. It is in¬ 
advisable to use Petersen coils on such systems; however, 
if the transformation ratio of the autotransformer is ap¬ 
preciable because of the dynamic overvoltage that may 
be impressed on system apparatus during ground faults 
resulting from neutral displacement. 

Systems with transmission lines of appreciable length 
of different voltage ratings on the same supporting struc¬ 
tures may require special attention because of the mutual 
capacity effects between the lines of different voltage rat¬ 
ings. 

Petersen coils should not be considered as a substitute 
for lightning protective equipment in substations and 
switch yards. It is a service ratheir than an apparatus 
protective device and should not be considered otherwise. 
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Figure 4. View On a system grounded at one point, the relaying for 
of Petersen coil ground faults is the simplest because the flow of fault cur- 
installed on 33-lcv rent is all in one direction. The addition of a Petersen 
system coil to such a system is a very simple procedure. 

On a network grounded at several points, the relaying 
for ground faults becomes more involved because on oc¬ 
casions the network may be divided into sections. Neutral 
ground points should be located in each section if ground 
relaying is to be obtained under all conditions. For like 
reasons, Petersen coils should be located in each individual 
section of the system if protection is to be obtained at all 
times. On such a system, single-pole switches for short- 
circuiting the Petersen coils should be furnished for mak¬ 
ing the ground relays operative. Additional solid-neutral 
ground points over and above those in which the Petersen 
coils are located may be needed for selective relaying. 
Suitable switches in these neutrals functioning on zero- 
sequence voltage will provide these additional ground 
points. The far ends of radial feeders from a network may 
be relayed on zero-sequence voltage rather than zero- 
sequence current when there is an infeed of power at the 
far end. In this case a faulty radial feeder would clear in 


Petersen Coils and Ground Relays 

An American solution of the arcing-ground problem has 
been to ground the system neutral solidly or through a 
relatively low impedance and install a selective system 
of ground relays. Consequently, the question is often 
raised as to the merits of applying Petersen coils to a 
system so equipped. 

The addition of a Petersen coil will prevent the ground 
relays from functioning on all transitory ground faults, and 
thus eliminate many unnecessary line outages. If the 
fault is persistent, means may be provided for regrounding 
the neutral so that the ground relays can function to dear 
the faulty section. Thus, the Petersen coil may be con¬ 
sidered to be a supplement to the ground relays; a device 
which prevents them from operating on all except, per¬ 
manent ground faults. 

A small percentage of the ground faults on a system are 
a result of damage to the system insulation and must be 
located and segregated from the rest of the system by oil 
circuit breakers. The most positive way of locating such 
faults on a Petersen coil equipped system which has been 
proposed to date is to use a system of ground relays 
which responds to ground faults when the system neutral 
is directly grounded. The reactive current passed by 
a Petersen coil during a ground fault is insufficient to 


cascade, the near end first on residual overcurrent. This 
would leave the line with the neutral ungrounded for a 
brief interval of time, but the possibility of arcing grounds 
occurring is nil because the fault would be a direct ground. 

In Europe, attempts have been made to relay on the un¬ 
compensated in-phase component of current in case of 
permanent ground faults. This requires a watt type of 
relay which is usually not very difficult to manufacture. 
However, as the magnitude of this in-phase current is 
small to begin with and varies with seasonal changes, the 
characteristics of the individual current transformers used 
with the relays must be matched very closely if selective 
relaying is to be obtained. The best information avail¬ 
able indicates that these watt relays are used for fault in¬ 
dication rather than for tripping oil circuit breakers. On 
the occurrence of the fault, the station operators determine 
which feeder has relays that show an infeed of fault cur¬ 
rent at both ends. This circuit is then tripped by hand. 
This is also in keeping with the established practice in 
many parts of Europe of operating with one conductor 
grounded for considerable periods of time until it is 
convenient to remove the faulty feeder from the circuit. 
Operating with one conductor grounded for extended 
periods in this country will probably seldom be resorted 
to on overhead systems because of the possible hazards to 
safety, communication, etc. 


operate a selective system of ground relays but by ar¬ 
ranging to bypass the Petersen coil and ground the neutral 
directly, when a permanent fault occurs, the relay system 
can be made to function when it is needed. This requires 
a suitable single-pole switch in parallel with the coil with 
control equipment which will close the switch after the 
ground fault has persisted for a definite predetermined 
time. Operating experience with Petersen coils to date in¬ 
dicates that approximately 15 seconds is ample time for a 
ground fault to clear if it is going to be extinguished auto¬ 
matically. 


Description of Systems on Which Petersen 
Coils Are Installed and Their Service Record 

The Alabama Power Company Petersen coil was located 
on a 93-mile section of their 44-kv system. The lines were 
carried on wood poles, of which all but 12 miles were 
equipped with one overhead ground wire at the peak of 
the poles. All poles had down wires. During a period of 
slightly over 2 years this coil operated approximately 360 
times, about 90 per cent of which were recorded as correct. 
The first year’s operation indicated an 83-per-cent reduc- 
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tion in the number of interruptions over that obtained for 
the previous year. 

This coil was kept in service about 4 years on this 
system. At the end of this time, the system outgrew the 
coil and it was removed from service. In March 1929, 
this coil was installed in the Marietta transmission sub¬ 
station of the Georgia Power Company’s 38-kv system. 



OHMS REACTANCE IN 
PETERSEN COIL 


Figure 5. Tuning curve with 
no conductor grounded 


These lines are supported on wood poles with pin insula¬ 
tors and, in general, are without ground wires or down 
wires. These coils are located in their Newcastle, Ed- 
wardsport, Lenore, Dresser, and Bedford Stations. The 
last 4 named coils, at the time of writing this paper, have 
not been in service long enough to have established a serv¬ 
ice record. The Newcastle coil has been in service for a 
longer period and the operating record has been watched 
with keen interest. 

The 33-kv system in which the Newcastle Petersen coil 
is located is normally not interconnected with any of the 
other 33-kv lines. Approximately SO miles of overhead 
line and 4,250 feet of 3-conductor cable constitute the usual 
operating set-up although on occasion a total of 160 miles 
of overhead line may be protected by the coil. 

The operating record shows that 91 per cent of the 
faults on this system were cleared without a tripout. 
This operating record does not extend entirely through 
the severe part of the lightning season. Based on the 
record available, however, lightning caused approximately 
25 per cent of all the faults. The ground faults which 
were successfully cleared resulted from wind, sleet, tree 
limbs, and lightning. This company reports that it is 


This system has 129 miles of overhead line, 97 of which are 
wood poles without down wires or ground wires. On June 
4, 1931, immediate initial reclosure was applied to the 
feeder circuit breakers. This company reports that the 
latter method of protection is so superior to any other 
method yet tried for improving service to radial feeders 
that little time has since been spent in analyzing the 
Petersen-coil performance, and data on its performance 
were not available at the time of writing this paper. It 
appears from other information sent us on this system that 
most of the tripouts from Ughtning resulted from phase 
faults and if this is the case, then the Petersen coil will 


extremely well pleased with its Petersen-coil equipment. 

The Public Service Company of Colorado has one coil 
in a 187-mile system operating at 95 kv. This line has 
31 miles of wood poles and 159 miles of steel towers with¬ 
out ground wires. The neutral of this system was solidly 
grounded before the Petersen coil was installed. The 
operating record, month by month, on this system after 
the Petersen coil was installed, has been steadily improv¬ 
ing. At first, a number of outages occurred which were 
apparently the result of somewhat defective insulation and 
incorrect relay operations. The latest monthly operating 
reports, however, indicate that these conditions have been 


prove to be of little use to them in improving service 
continuity. 

The Consumers Power Company’s 2 Petersen coils are 
installed on a 275-mile steel-tower section of their 140-kv 
system. All but about 87 miles of this system is single 
circuit and about 140 miles is without ground wires. 

The operating record on this system shows that approxi¬ 
mately 70 per cent of all the faults that occurred in 5 
years’ time were cleared without oil-circuit-breaker opera¬ 
tion. In this period 242 faults were recorded with 171 
extinguished by the Petersen coil. 

The Central Maine Power Company’s Petersen coil is 
installed on their 33-kv system. Five hundred and sixty 
miles of line of wood poles with pin insulators are pro¬ 
tected with one coil. No overhead ground wires or down 
wires on the poles are used. In lie first 14 months after 
installation, this coil operated 54 times and cleared all 
ground faults, which were not permanent faults, without 
a service interruption. On this extensive system, before 
the coil was installed, simultaneous faults in diff erent parts 
of the system were quite numerous. Since the Petersen 
coil has been in service, this type of trouble has been 
mostly absent. * 

The Public Service Company of Indiana has 5 Petersen 
coils protecting more than 1,500 miles of 33-kv lines. 


remedied because approximately 73 per cent of all of the 
faults in these later months have been cleared by the 
Petersen coil. A detailed report of this installation has 
been given in a companion paper at this midwinter con¬ 
vention. 13 

The other installations of Petersen coils which have 
been made recently have not been in service long enough 
to have a report on their record. A summary of some of 
the system characteristics of these latter Petersen-coil 
installations, however, is given in table I. 

The question is often raised as to the performance to 
be expected from a Petersen coil on a wood-pole line. The 
reasoning was that owing to the high insulation value of 
wood, most of the faults from lightning would involve 
more than one phase as the flashover potential between 
phases would be lower than from one phase to ground. 
The operating records on the several installations of 
Petersen coils on wood-pole lines previously mentioned 
show definitely that ground faults from lightning are ob¬ 
tained. One possible explanation of this is the fact that 
most wood-pole lines are guyed every few structures which 
provides a low-impedarice path to ground. Also it is to 
be remembered that lightning is not the only cause of 
trouble. Studies, also previously mentioned, showed that 
lightning caused about three-quarters of all line interrup- 
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tions and on medium-voltage lines, the proportion of faults 
attributed to lightning is often less. Although the operat¬ 
ing experience with Petersen coils on wood-pole lines 
during lightning seasons has been good, the probability 
is that it would have been even better if every pole on the 
lines in question had down wires and low footing resistance. 

Determination of the 
Optimum Tuning of a Petersen Coil 

When a Petersen coil is installed in a system, it is neces¬ 
sary to match the inductive reactance of the coil with the 
capacitive reactance of the system. Taps are provided on 
the coil winding so that its reactance can be adjusted to 
meet the system requirements. 

The proper setting of a Petersen coil may be determined 
by calculation if the charging current of the system has 
been accurately determined. Usually it is desirable to 
-check at least one adjustment by test at the time the coil 
is put in service. These tests may be conducted during 
normal conditions (no conductor grounded) or with one 
conductor solidly grounded. 

During normal conditions of operation, there is usually 
some slight unbalance in the system phase-to-ground volt¬ 
ages. This unbalance is sufficient to cause a small amount 
of current to flow continuously through the coil. For 
tuning tests, the coil ohms are varied and the current 
through the coil noted for each tap position. A typical 
plot of the coil current as a function of the ohms reactance 
in the coil taken on a 33-kv system is shown on figure 5. 
Correct tuning is obtained on the tap that results in maxi¬ 
mum amperes. 

The shape of this curve may be explained by under¬ 
standing that the inductive reactance of the coil and the 
-capacitive reactance of the system form a series resonant 


Xi 


Xi 



Figure 6. Zero-sequence impedance of Petersen-coil- 
equipped system with no ground fault 

Figure 6A (lower left). Zero-sequence impedance for 
ground fault at (A) 

Figure 6B (lower right). Zero-sequence impedance for 
ground fault at (B) 


Figure 7. Tuning curve with 
one conductor grounded 
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OHMS REACTANCE IN 
PETERSEN COIL 


circuit with a voltage applied to it resulting from the 
normal system unbalance in voltage as shown on figure 5. 
When the coil is in tune with the system, the inductive 
reactance of the coil balances the capacitive reactance of 
the system so that the current flowing is at a maximum 
and is limited only by the losses in the circuit. The cur¬ 
rent diminishes as the coil is detuned because the imped¬ 
ance of the resonant circuit increases. 

For those familiar with symmetrical components, Peter- 
sen-coil action results when the zero-sequence impedance 
of a system is infinite. Accordingly, during ground faults, 
there will be no fault current in the positive- or negative- 
sequence impedance circuits and for calculations, the zero- 
sequence impedance circuit need only to be considered. 

Tuning on normal unbalance in system voltage is ex¬ 
pressed in symmetrical components by referring to the 
system zero-sequence impedance as represented on figure 
6. Neglecting and X t which are small compared with 
X n and ~X C and designating the different capacitances 
to ground of the 3 phases as X ai X^ and X a the following 
equations may be written: 

E + Eq — I C1 X ei = 0 
o?E -J- JSq — I c2 Xa = 0 
aE + Eq — Ic&Xca — 0 
■Eo = ~I n X n 
In = —(T cl + I# -J- 7^) 

EjXgXci + a,*X cl X c3 + aX^Xg) 


In “ 


X cl X c2 X <3 -i*X n (X c2 .X’ c3 + XdXfx -f- X^X^) 
tuning results when 
X«X C2 X a 


( 1 ) 

( 2 ) 

(3) 

(4) 

( 5 ) 

(*) 


X 


+ XciXa + X cl X ci 


(7) 


When the capacitances of the 3 phases to ground are 
equal 


t l x 

3 C 


( 8 ) 


Timing tests with one conductor solidly grounded are 
made by recording the current in the fault with the Peter¬ 
sen coil in different tap positions. The current in the 
fault is the resultant of the fundamental-frequency lag¬ 
ging current passed by the coil, and the leading charging 
current of the system, plus the in-phase components which 
result from leakage and harmonics. A typical plot of the 
fault current as a function of the ohms reactance in the 
coil is shown on figure 7. Correct tuning is obtained on 
the tap that results in minimum current in the fault as 
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the lagging current passed by the coil just neutralizes the 
leading current of the system. 

The shape of this curve on figure 7 results from the fact 
that with a line-to-ground fault on a system, the Petersen 
coil and the capacitance of the system form a shunt reso¬ 
nant circuit with a voltage equal to the system line-to- 
neutral voltage applied to it as shown on figure 7. With 
this type of circuit, resonance is obtained when the current 
in the fault is at a min imum 

The fault current may be expressed as 



For a fault at the terminals of the transformer in the 
neutral of which the Petersen coil is located (location A, 
figure 6A) the zero sequence impedance is equal to 


3X n (X, - Xc ± X t ) 
3X» + X t + X,-X c 


( 10 ) 


Varying the magnitude of X n , a curve is obtained such 
as is shown on figure 7. 

In equation 10 neglecting X, and X„ resonance obtains 
when 



( 11 ) 


current through the coil decreases. The charging current 
also decreases in like proportion so that correct tuning is 
always maintained. 

The question often arises as to the accuracy needed in 
tuning a Petersen coil to a system. Field tests have shown 
repeatedly that the best results are obtained when the coil 
is adjusted to within a few per cent of the exact tuning- 
necessary. However, on medium-voltage systems, suc¬ 
cessful arc extinction has been obtained through a rela¬ 
tively wide range in reactance in the coil. Field tests on 
several 33-kv systems have shown that successful arc ex¬ 
tinction would still be obtained if 25 to 30 per cent of the 
system was switched out of service. On high-voltage lines,, 
a somewhat closer tuning is indicated to be desirable. 

Summary 

Service experience with Petersen coils on transmission 
systems and networks in this country has demonstrated 
conclusively certain facts concerning these protective 
devices which may be stated as follows: 

1. There is definitely a place for Petersen coils in American system- 
protective practice, 

2. The Petersen coil will prevent the interruptions to service usually- 
associated with transitory flashovers to ground. 


This shows that provided^ is a constant, either method 
of tuning gives the same tap position for resonance as 
may be checked by comparing equations 8 and 11. 

Corona has the effect of increasing the effective diameter 
of the line conductors which in turn increases the system 
capacitance and when corona is present, a lower ohmic 
setting will be obtained for correct tuning during solid 
ground faults. When corona is present, the results ob¬ 
tained from fault tuning rather than those from the nnrm fl l 
leakage current through the coil should be used. 

It has also been observed that the system capacitance 
changes slightly with changes in the weather. It is known 
that the apparent capacitance of pin insulators increases 
when they are wet or covered with sleet. In all cases 
noted, these changes have caused a shift of less than 5 per 
cent in the tuning so it has been of little practical sig¬ 
nificance. 


3. The Petersen coil may be applied to any system insulated for 
full neutral displacement. 

4. Petersen coils do not lose their effectiveness if used on a system, 
when different sections are switched out of service unless the system 
capacitance is changed more than 25 to 30 per cent. 

5. Surges during switching operations encountered on the first 
Petersen-coil application have not recurred in later applications. 

6 . By the use of Petersen coils, it is possible that from 70 to 80 
per cent of all faults may be cleared without the opening of a single 
oil circuit breaker, and without any dip in the phase-to-phase voltage,, 
thus improving system stability and service continuity. 
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Tuning is independent of fault location. A Petersen 
coil in tune to a system for a ground fault at any particular 
location is correctly tuned for a ground fault at any other 
location. For a ground fault at the terminals of the trans¬ 
former of the system (location A) shown on figure 6 the 
zero-sequence impedance is as given by equation 10. For 
a ground fault at the far end of the system at location B, 
the zero-sequence impedance is (figure 65) 


+ Xi 


( 12 ) 


_ ( ~X c )(3X k -j- Xt -j- Xi) 

3X n + X t Xj — X e 

Correct tuning is obtained when X 0 is infinite. This 
occurs when the denominator of equations 10 and 12 are 
zero. Since the denominators of the 2 equations are alik e, 
correct tuning in both cases is obtained. 

K is to be noted that as the ground-fault location pro¬ 
gresses away from the coil, the impedance increases and the 
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The Thyratron Motor at the Logan Plant 


By A. H. BEILER 

MEMBER AIEE 


Introductory 

T HE QUEST for a simple variable speed a-c motor 
has been long and, heretofore, not particularly suc¬ 
cessful. Consequently ever since the thyratron 
motor was mentioned during the early years of the pres¬ 
ent decade, it has aroused a great deal of interest among 
engineers, both because of its operating principles and 
because it appears to offer the possibility of a really ef¬ 
fective and economical variable-speed alternating-current 
drive. It has been of particular interest to central-station 
engineers. 

Quite a number of types of a-c drive are in use today 
in central station service and many more have been de¬ 
signed and discarded or never applied. The difficulties 
of the problem have not been ones of principle. On paper 
it may appear easy to develop such a drive having a mini¬ 
mum of special parts or a minimum assembly of standard 
units. Yet when these are tried in practice, some ap¬ 
parently insignificant detail—an oil ring or a rotating 
bearing—develops unexpected trouble during operation 
and definitely limits the new design. The squirrel-cage 
motor has set a criterion in ruggedness and simplicity that 
it has so far been impossible to equal. 

In central-station service, the tendency has been to 
reduce to a minimum the number of auxiliaries requiring 
variable speed. In recent years studies of heat cycle, in¬ 
dicating the desirability of using steam turbines for the 
larger auxiliaries have further limited the use of variable 
speed motors. Nevertheless, those auxiliaries which still 
require varying speed, such as boiler feed pumps and 
draft fans, are among the largest, from the point of view 
of energy consumption, in the plant. They also require 
the utmost in reliability and ease of control and because 
they are often on practically a 24-hour basis of operation, 
it is desirable that variable speed be obtained without 
sacrificing efficiency. 

The reasons for adopting this type of motor were given 
in the Electrical World of July 6, 1935, and need not be 
repeated here. The advantages appeared sufficiently 
attractive so that the American Gas and Electric Com¬ 
pany urged the completion of developments on this motor 
and were in close contact with the manufacturer as the 
work progressed. In a development of this kind, it is 
particularly essential that the operating requirements are 
clearly brought to the attention of the designers. Their 
concentration on the theoretical aspects of the problem 
sometimes leads them to overlook homely but nevertheless 
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important details. Dust tight distributor and tube com¬ 
partments, safety interlocks on tube cells and cubicle 
doors, segregation of power and control terminals in 
the cubicle, forced air cooling, overspeed device, tube 
removal under load, and tube failure alarm are examples 
of the results of this co-operation. As in all new designs 
many minor difficulties arose which had to be overcome 
but nothing which could be considered basic. 

Description of Equipment 

The motor is rated 400 horsepower, 2,300 volts, 3-pliase, 
60-cycles, 40 degrees centigrade and was designed to drive 
an induced draft fan having a speed range from 625 to 350 
rpm. It closely resembles a standard synchronous motor 
with a rotating field, except that it has two independent 
star-connected stator windings installed in the same 
slots. Unlike a synchronous motor, however, the field 
terminals, after being brought out through slip rings, con¬ 
nect to the neutral points of the star windings. As shown 
in figure 4, the six remaining power leads connect in a 
special arrangement to a series of 18 type EG?-118 thyra¬ 
tron tubes, each having a continuous rating of 12.5 am¬ 
peres and a maximum rating of 75 amperes. 

The accessory equipment includes a three-phase current- 
limiting reactor, a thyratron-tube cubicle, and a speed- 
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Figure 1, Thyratron-controlled400-horsepower motor, Ap¬ 
palachian Electric Power Company—Logan plant 


January 1938, You. 57 


Beiler— Thyratron Motor Transactions 19 





Figure 2. Thyra- 
tron cubicle 
showing spare 
tube compart¬ 
ment, Appa¬ 
lachian Electric 
Power Company 
—Logan plant 


control panel. Each tube is mounted in an individual 
removable cell so as to facilitate replacement during op¬ 
eration. Tube cooling ducts and blowers, heater and 
grid transformers, and other accessories are all assembled 
within the cubicle. 

The speed-control panel contains a small wound-rotor 
motor functioning as a phase shifter for the purpose of 
effecting the desired speed changes. On this panel are 
also mounted a line ammeter, the 2,300-volt primary 
oil circuit breaker control switch and the auxiliary power 
control switch. The motor, cubicle, and speed-control 
panel are shown in figures 1, 2, and 3 respectively. 

Accessory Devices 


tween thyratron tubes. The distributor segments are 
connected to the grids through intermediate transformers. 
Two sets of segments are used, one for normal speed and 
a supplementary set effective at low speed by utilizing the 
inherent commutating action of the three-phase power 
supply to obtain a high starting torque. Transfer be¬ 
tween sets is made automatically at about 150 rpm by 
means of a relay operating from a current transformer in 
the stator circuits. 

An ingenious arrangement of current transformers is 
utilized to act on the grid circuits and cause a phase shift 
independently of the speed controller and thus limi t tube 
current. Due to this feature the motor can be acceler¬ 
ated from standstill to a preset speed by throwing it di¬ 
rectly across the line without danger of damage. It is 
thus inherently self-protecting, the overload relays on the 
oil circuit breaker acting solely as backup protection. 
Only twice rated full load current is taken under this con¬ 
dition. 

For best operation the cathode heater potential should 
be lowered slightly as the load increases, since this tends 
to maintain a constant tube temperature. This is ac¬ 
complished by inserting one winding of a saturable reac¬ 
tor in series with the heater circuit, the other winding 
being in series with the motor field. A third or saturating 
winding is excited from direct current. This saturable 
reactor serves a dual purpose, its other function being to 
initiate an alarm when a tube fails, as mentioned above. 


The 18 thyratron tubes consume about three and one- 
half kw at full load with another one and one-half kw con¬ 
sumed in the various auxiliary transformers and relay coils 
in the cubicle. Forced air cooling is used to dissipate 
the tube losses. The air stream is directed at the base of 
the tubes and leaves at the top. For winter operation, 
the cooling system is operated partly closed and is sup¬ 
plemented by strip heaters. In the summer time it 
operates entirely open and without the heaters. Ther¬ 
mostatically controlled dampers regulate the output of 
the strip heaters as well as the proportion of recirculated 
and fresh air. 

About 800 watts are consumed in excitation losses in 
the stator of the small wound-rotor motor which acts as a 
phase shifter for speed control, but since this is mounted 
on the speed-control panel which is remote from the cu¬ 
bicle, it does not contribute to the heat generated there. 
The 220-volt auxiliary power totals to about 57 kilowatt- 
hours in a 24-hour day, this load remaining practically 
constant regardless of motor load. 

A series of 18 glow lamps, excited from small current 
transformers in the cathode circuits serve for remote in¬ 
dication of tube performance. In addition, a relay ener¬ 
gized through a tuned circuit, connected across a saturable 
reactor in the motor field circuit rings a bell to indicate 
abnormal tube firing. 

A cathode timing relay is used to insure preheating of 
the cathodes for approximately 15 minutes before the 
2,300-volt oil circuit breaker can be closed. 

Figure 5 shows the distributor which is mounted on 
the motor shaft to obtain commutation of energy be¬ 


Tube Disconnecting Feature 

During the development of the control equipment it 
became evident that facilities would have to be provided 
for tube replacement while the motor was in operation. 
Since the anode potential is 2,300 volts, safety to personnel 
had to be taken into consideration. Means had also to 
be provided for interrupting the anode supply before 
the tube was removed and this required a 2,300-volt dis¬ 
connecting switch capable of interrupting the normal tube 
current, since it was not considered advisable to interrupt 


Figure 3. Speed-control 
panel forthyratron-controlled 
motor, Appalachian Electric 
Power Company—Logan 
plant 
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the anode circuit at the separable contacts of the individ¬ 
ual tube cell. This presented a problem on account 
of the limited space available. It was successfully 
solved by developing the fuse type of disconnecting switch 
shown in figure 6A. The circuit is interrupted from the 
outside of the cubicle by the key which unlatches the 
door. The individual cells cannot ordinarily be unlocked 
without opening the respective disconnecting switch. 
However, when all tubes are to be inspected while the 
motor is out of service, a master key permits access to all 
of the cells without releasing the disconnecting switches. 
A thyratron tube with filament continuously heated is 
kept available at all times in a spare cell. (See figure 2). 

Operating Principles 

The operating principles of the motor have been fully 
described elsewhere (Electrical Engineering, Novem¬ 
ber 1934). For the sake of completeness a brief review 
with reference to figure 4 may be helpful. 

The motor, although structurally resembling a syn¬ 
chronous machine, functions like a d-c series motor and 
has characteristics closely resembling such a machine. 
The field winding and each phase of each stator winding 
are traversed by a direct current, although like values of 
current in the stator coils differ in time phase. 

A thyratron is a mercury-vapor hot-cathode rectifier 
tube. A positive grid voltage is essential to start the 
tube conducting, but once the current flows, the grid has 
no further effect and conduction will continue until the 
anode becomes negative with reference to the cathode. 
If the applied grid voltage is alternating, a shift in phase 
between the anode and grid voltages will delay the initia- 
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Figure 4. Power connections for thyratron-controlled motor, 
Appalachian Electric Power—Logan^plant 


tion of anode-current flow, decrease the amount of energy 
passed during the positive half cycle, and hence decrease 
the speed of the motor. From this it should be clear 
that the motor speed is independent of system frequency. 

An open grid circuit will prevent tube conduction; 
therefore a distributor mounted on the motor shaft and 


Figure 5. Dis¬ 
tributor on thyra¬ 
tron - controlled 
motor, Appa¬ 
lachian Electric 
Power Company 
—Logan plant 


connected into the grid circuits can control the time of 
firing of the tubes as a function of rotor position. Thus 
“commutation” can be attained. By connecting in 
parallel three tubes which receive their supply from a 
three-phase source, polyphase energy may be utilized for 
one stator phase subject to the control of the distributor. 
If the phase shifting and distributing features are con¬ 
nected in series, any tube can be controlled to fitc at the 
proper time and for a desired interval. Thus commuta¬ 
tion and controlled rectification with concomitant speed 
variation may be obtained within a single tube. 

Installation Considerations 

Figure 7 shows a typical arrangement of connections 
between the motor and its control equipment. It is evi¬ 
dent that there is an advantage in keeping the cubicle 
close to the motor. However, it is also necessary that it 
be installed in as cool a place as possible in order to limit 
the tube temperatures to the recommended upper limit 
of 55 degrees centigrade. 

The air taken into the cubicle should be cool and clean 
as a deposit of dust may lessen creepage distance and lead 
to a failure of equipment. All covers in the cubicle must 
be sealed tightly to prevent dust gaining access to parts 
having inherently small clearance to ground. At the time 
of this writing it is planned to relocate the cubicle at 
Logan to a cooler place because the tube temperatures 
are dose to the recommended limit. 

Experience has indicated the desirability of having the 
cubicle base mounted on resilient supports in order to 
minimize shock. Rubber mounting pads under the four 
comers are being used for this purpose. 
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Since the motor has characteristics s imilar to a d-c 
series motor, precautions against loss of load, however 
remote, must be taken and a speed-limit device interlocked 
with the primary breaker control should be installed. An 
additional safeguard is provided in a limi t stop which is 
placed on the speed control dial so that the rated speed 
cannot be exceeded. (See figure 3.) 

The saturable reactor previously described is mounted 
directly on the motor frame and enclosed in a sheet metal 
box, thus avoiding the use of additional high voltage power 
connections. It is recommended that the distributor se¬ 
lector relay be also mounted in this cabinet, thus materially 
lessening the number of control wires between the motor 
and cubicle. 

Spare Parts 

Since there are 18 duplicate tubes with their accessories, 
the number of different types of device is not very large 


Table I. Thyratron Tube Failures, May 29,1936 to July 31 , 

1937 


Tube 

Failure Service Hours 


Number 

of Operation 

Time of Failure 

Nature of Failure 

1. 

... 191. 

. While starting. 

... Cathode heater burned 

2. 

... 679. 


open 

.While starting. 

... Cathode heater burned 

3. 

... 787. 


open 

4. 

...1,079. 

open 

. During preliminary heating.. Cathode heater burned 


...2,362. 

before starting 

open 

6. 

. During preliminary heating.. Cathode heater burned 

6. 

...2,862. 

before starting 

open 

.While starting. 

... Cathode heater burned 


... 792. 


open 

Grid destroyed 

7. 

.Duringpreliminary heating. .Cathode heater burned 

8. 

...3,576. 

before starting 
. During operation. 

open 

...Apparent short circuit 
in tube. Protective 
gap and capacitor de¬ 
stroyed 



9. 

...4,609. 

. During- onpmtinn 

10. 

...4,628.. 

open 

, During preliminary heating., Cathode heater burned 

11. 

...6,440. 

before starting 

open 

, During operation.. 

... Tube ceased firing for no 

12. 

...5,829. 


apparent cause 

During preliminary heating.. Cathode heater burned 

13. 

,..5,829. 

before starting 

open 

While starting. 

.. Tube ceased firing for no 
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Figure 6. Thyratron tube cell showing 2,300-volt fuse-type 
disconnect switch 

JoDDer r °^ teS TL eccentric thus releasing pressure on a flat 

s C °!* er “ ntact str| P- The spring retracts the conductor through a 

be usedld T -m 0 th u reby ^ reakinS the circuit This switch can 
a shqhtbS! y SmCe ^ C ° n 1 UCtor does not ordinarily fuse-only 
3 aPPWrS at , ,ts , tip after a numb *r of operations. To re¬ 
condition, an operation similar to refilling a standard fuse Is required/ 
taking only a few minutes 


apparent cause 

• 3 ’ 650 .During operation.Tube ceased firing for no 

IK A Ann « • . apparent cause 

15 . 6 ’ 400 .During operation..Cathode beater burned 

16 . 742 .During preliminary heating.. Cathode heater burned 

before starting open 

17 .7,106...... During operation.Cathode heater burned 

open 

18 .2,063...... During operation.Interior of tube com- 

19.. 


•7 KAO . , pletely destroyed 

• 7 ' 560 .During operation.Tube ceased firing for no 


on o 0*70 ~ . . apparent cause 

20 . 8 » 272 .During operation.Cathode beater 


burned 
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&nd consequently the number of spare parts to be kept 
on hand is rather limited. These include grid conden¬ 
sers, protective gaps, resistors, fuse-type disconnecting 
switches, copper-oxide rectifiers, grid and filament trans¬ 
formers, distributor brushes, blower motor, and a quantity 
of thyratron tubes. Most of these items cost very little; 
the thyratron tubes, however, are still rather expensive. 

Operating Experience 

There have been so many references in the technic al 
press to the pioneer installation of the thyratron motor 
as to lead to the belief that it has been running for a long 
time although it was actually placed in regular operation 
at the Logan power station of the Appalachian Electric 
Power Company on May 29,1936. 

During the year the motor has been in operation a t this 
writing, a comparatively large number of minor difficulties 
arose. Yet in spite of these, the plant operators are very 
enthusiastic about its performance. Experience has 
shown them that no drive compares with it for ease of 
control, for smoothness of draft regulation, for ability to 
rotate at very low speed, and for almost entire elimina¬ 
tion of fan blade maintenance expense. In view of the 
fact that plant operators are pretty hard-headed and tend 
to look with suspicion on new “gadgets,” this response 
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would seem convincing evidence of its success from a prac¬ 
tical standpoint. 

The most serious difficulty has been with the thyratron 
tubes themselves. In 14 months of operation, 20 tubes 
have failed, almost all of them due to the opening of the 
cathode heater circuit. Table I summarizes these fail- 



Figure 6 A. 
2,300-volt fuse- 
type disconnect 
switch for thyra¬ 
tron - controlled 
motor 


ures and table II troubles from other causes. It is to be 
noted that the actual hours of motor operation repre¬ 
sent a service availability of 84 per cent. This includes 
shutdown from all causes such as boiler ami fan mainte¬ 
nance. Interruptions due to the motor alone took only 
three and one-half per cent of the operating time and an 


Table II. Operating Troubles With Thyratron Motor 
Accessories, May 29, 1936 to July 31, 1937 


Failure Interruption 

Number Time—Hours Cause 


1.. ..... ..... Filament transformer burned out 

2.102 .Field coil burned out 

3. ». 84 .Field coil burned out 

4... l /i.Fuse type disconnect switch burned open 

5.. .20 ...... Ground on one stator phusc due to cable rubbing 

uKuiu.Ht dowel pin 

ft........ Futus type disconnect switch pulled apart 

7 .. X l /i .Protective gap and grid capacitor destroyed 

8 .. V*..Thyratron tube and protective gap destroyed 

ft.... 3 1 /*..Fuse type disconnect switch arced to ground. Re¬ 

placed. Again arced to ground. Replaced 
ID. . 4 .Ventilating fan motor burned out 

11 .....Field coil showed evidence of charring 

12 ,.... During boiler shutdown, new set of field coils in¬ 

stalled, and bearings changed 

13.. . .Fuse type disconnect switch burned open 

14.. .................. 3 tubes fired irregularly. Brush on distributor made 

poor contact 

15.. . ..Bearings worn due to erratic magnetic center 

Evidence of electrolysis causing bearing pitting. 
Corrected by placing brushes in contact with both 
ends of shaft, connecting together and grounding 


Total: 306 boiler-hours lost. 
Total hours of operation: 8,37ft. 


Figure 7. Thyra¬ 
tron - controlled 
m o t o r—typical 
arrangement of 
equipment and 
conduits 
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availability of 96 1 /* per cent may be considered a not 
unsatisfactory record for an entirely new type of control. 

Discussion of Operating Troubles 

Many of the difficulties encountered are of a nature 
which would make it extremely improbable that they will 
be encountered again. For instance the trouble with 
three field coils was evidence that the motor field was 
being subjected to unexpected surge voltages and that 
its original insulation was inadequate. When the entire 
set of coils was replaced by ones having greater insulation, 
no further trouble of tliis type manifested itself. 

The pitting of the bearings and the unexpected thrust 
due to unbalanced magnetic forces causing excessive bear¬ 
ing lining wear and coupling troubles were completely 
cured by the installation of brushes bearing on the shaft 
and connected to ground. 

Failure of parts due to arcing to ground have been cor¬ 
rected where possible by providing greater clearance and 
the experience gained from this can of course be incor¬ 
porated in subsequent designs. The fuse-type disconnect 
switches leave some room for improvement but they were 
an afterthought in the initial installation and probably 
a better type of device will be available for subsequent 
installations. 

The grounding of a stator phase lead by rubbing against 
a metal dowel pin could have occurred in any machine. 

Auxiliary transformers, protective gaps, resistors, con¬ 
densers, blower motors, etc., are always possible sources 
of trouble. Filament and grid transformers operate at 
2,300 volts and clearances must be kept large to avoid 
creepage clue to infiltration of conducting dust which is 
always present in a power plant. No doubt some of the 
smaller devices will occasionally fail from time to time, 
but they are comparatively inexpensive to replace and 
mostly of such a nature as not to cause an immediate shut¬ 
down in case of failure. Even these can be improved by 
careful attention to the requirements. 

The thyratron tubes leave the biggest room for im¬ 
provement. A large number of failures has resulted either 
while starting or during the preliminary heating period 
and tube designers should consider these facts. With¬ 
out a doubt the fragility of the cathode heaters can be 
corrected. The very persistance of this type of failure 
should be a clue to the remedial measures necessary. 
Steps have already been taken in this direction by the use 
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Figure 8. Per¬ 
formance char¬ 
acteristics of 
thyratron motor as 
determined by 
test 


of flexible instead of solid connections at the cathode heater 
terminals within the tube. 


rotation. The motor will even start single phase (six 
tubes removed) although, of course, it will not attain full 
speed under this condition. 

Tests were made with the cathode heater supply and 
grid control circuits suddenly interrupted to simulate 
blowing of fuses. Speed remained normal during the 
15-second interval permitted by the cathode tuning relay 
before shuttting down the motor. Low primary voltage, 
sudden opening and closing of the p rimar y breaker, an d 
almost all possible combinations of interruption of main 
and auxiliary power supply were tried without any note¬ 
worthy change in operation except a decrease in speed or 
irregular rotation due to unbalanced torque. It would 
go hard with any operator who attempted at the plant 
any operation even remotely resembling the paces that 
the motor was put through at the factory. Although the 
characteristic curves obtained from test were published 
previously (Electrical World, July 6, 1935), they are given 
here (figure 8) for ready reference. 


Operation With Defective Tubes 

Although defective tubes are replaced almost immedi¬ 
ately during operation, it is interesting to note that no 
harmful effects occur if several tubes cease firing simul¬ 
taneously. During factory tests as many as four tubes 
were removed simultaneously in various combinations, 
from different parts of the circuit, the only noticeable 
effect being a drop in speed and a slight irregularity in 


Conclusion 

Whether the thyratron motor is here to stay would 
seem to depend to a considerable extent on the tube de¬ 
signer . The operating principles of the motor are funda¬ 
mentally sound; the control will undoubtedly be improved 
and simplified. This should aid in reducing the first 
cost of the motor to a competitive level, but tubes must 
be made more rugged if maintenance costs are not to be 
excessive. 
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O N OPEN-WIRE lines where the growth is not 
rapid, there is frequently need for adding tele¬ 
phone circuits one at a time. When the type-D 
single-channel carrier telephone system was developed a 
few years ago it became possible to meet this need without 
stringing additional wires. 1 More than 500 of these 
systems have been placed in service in the Bell System 
plant. A new single-channel carrier telephone system, 
known as the type #, has recently been developed and is 
now being applied. This new system offers improved 
performance, and also, because of its lower cost, is appli¬ 
cable to providing service over shorter distances than were 
economical with the earlier system. 

The type-# system, which is characterized by a number 
of new features and special developments, is applicable not 
only to the needs of telephone companies but also to those 
of railroads, power systems, and oil companies. 2 In the 
first place it is designed to operate either on a-c or on d-c 
plate and filament supply. A repeater is available to 
extend the range of operation. Through the use of 
specially designed but simple filters the system can be 
employed on circuits which are equipped with bridged 
telephone stations at intermediate points as is frequently 
the case in railroad operation. 

A unique feature is the use of opposite sidebands of the 
same carrier frequency for opposite directions of trans¬ 
mission. The upper sideband is used in one direction and 
the lower sideband in the other, the carrier being sup¬ 
pressed. For the modulators and demodulators copper- 
oxide “varistors” are employed in place of vacuum tubes. 
The amplifiers are single stage, employ pentode tubes and 
are stabilized in performance by feedback. The filters 
are simplified in construction by the use of coils with a 
new type of core material and by improved designs of 
paper condensers. 

The size of the new terminal has been so reduced that 
it occupies less than 40 per cent of the space required for a 
type-D terminal, as indicated in figure 1. The equipment 
may be mounted on racks as is customary in telephone 
offices, or a complete terminal or repeater may be mounted 
in a small cabinet. 

Single-channel carrier systems have been used in the 
Bell System principally for short open-wire toll circuits. 
Thus, the type D systems are for the most part between 50 
and 200 miles in length. The type-# system, since it 
includes a repeater can be used for greater distances, and 
due to its lower cost is economical for shorter distances. 
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General Description of System 

Basic System 

The basic system consists of two terminals one of which 
is refered to as an “east” terminal and the other as a 
“west” terminal, as indicated in figure 2. The two ter¬ 
minals differ only in minor respects, the differences being 
due to the fact that at one terminal the upper sideband is 
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Figure 1. Installa¬ 
tion of type-H 
carrier telephone 
system at Char¬ 
lotte, N. C. 


transmitted and the lower sideband is received, while at 
the other terminal the reverse takes place. In order to 
simplify co-ordination between various types of carrier 
systems operating on the same pole line, the frequencies 
between 7,400 and 10,150 cycles are transmitted in the 
east to west (or north to south) direction, and the fre- 
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Figure 2. General schematic of type-H system applied to side circuit of phantom group 


quencies between 4,150 and 6,900 cydes in the west to 
east (or south to north) direction. The frequency alloca¬ 
tion of the type H system and those for the type-2? and 
the three-channel type-CS system are shown in figure 3. 

All three types may be operated on the same pole line. 

The circuit arrangement is given in greater detail in 
figure 4, which shows a schematic diagram of one ter¬ 
minal, with the exception of the power supply circuit. 
Each terminal is made up of a transmitting branch which 
indudes a modulator, a receiving branch which indudes a 
demodulator, and a hybrid coil to combine the two 
branches into a two-wire voice frequency circuit. The 
carrier is generated by a vacuum tube oscillator which 
Supplies both the modulator and demodulator. The out¬ 
put of the modulator, which is of the copper-oxide type, 
•consists prindpally of the two sidebands. The desired 
sideband is sdected by the modulator output filter and an 
amplifier raises the level to that desired for transmission 
over theline. The demodulator is also of the copper-oxide 
type; its output consists prindpally of the two sid ebands, 
one of which is a reproduction of the original voice-fre¬ 
quency input. , This is sdected by means of a low-pass 
filter and applied to a voice-frequency amplifier which 
provides the necessary receiving gain. Adjustable pads 
serve as a means for adjusting the transmitting and re¬ 
ceiving gains. The characteristics and functions of the 
various filters are described later. 

For signaling over the carrier, circuit, a 1,000-cyde 
signaling system is employed. The method is similar to 
that used on other types of circuits, but indudes a number 
of simplifications. The number of tubes has been re- 
duced, mid the vibrating relays used in the older type 
orciuts have been replaced by copper oxide rectifiers and 
simple d-c relays requiring little maintenance. When 
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20-cyde ringing current is recdved from the switchboard 
the frequency of the carrier supply oscillator is shifted by 
1,000 cydes and its output is interrupted at a 20-cyde 
rate, and applied to the input of the transmitting ampli¬ 
fier. At the receiving end this appears at the input of the 
signal receiving circuit as a 1,000-cyde current inter¬ 
rupted at a 20-cyde rate. It is then demodulated in a 
copper-oxide rectifier and the resulting 20-cyde current is 
amplified and applied to a second rectifier the output of 
which is connected to a d-c relay. Operation of this relay 
causes 20-cyde current from a local source to be sent 
toward tiie switchboard. Freedom from false operation on 
speech is obtained by tuning the recdving circuit to the 
rate of interruption and by providing a slow operating 
relay such that the signal must persist for several tenths of 
a second before 20-cyde current is passed to the switch¬ 
board. 

The power supply circuit, which is shown in figure 5, 
operates from an a-c source of 100 to 130 volts, 50 to 60 
cydes and requires about 50 watts. It supplies a-c for 
the filament supply, 160 volts d-c for plate supply and 24 
volts d-c for relay operation. Provision is also m&de for 
direct operation from 24-volt and 130-volt central office 
batteries. 

The equipment for a terminal is mounted on two panels. 
One of these, shown in figure 6, is IS 1 /* inches by 19 
inches in size and contains all the apparatus except the 
line filter circuit. The second pand, shown in figure 7, 
is 3 V* inches by 19 inches and contains the line filters, and 
other equipment which is required for balancing purposes, 

Repeater 

A schematic of the repeater is shown in figure 8. The 
amplifiers are the same in design as the tr ansmittin g 
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with weather are considerably greater than at voice fre¬ 
quencies. This is illustrated in figure 10 which shows the 
attenuation-frequency characteristics for four commonly 
employed gauges of open-wire line under dry and wet 
weather conditions, respectively, at a temperature of 68 
degrees Fahrenheit. These curves are for 12-inch spaced 
copper wires equipped with the type of insulators ordi¬ 
narily employed for toll circuits. Changes in temperature 
also affect the attenuation, the loss increasing as the 
temperature rises. The variations due to changes in 
temperature are, however, smaller than those due to 
changes from dry to wet weather and are more likely to 
occur gradually. It is apparent that the variations in 
attenuation with weather increase with the length of the 
system, and that more frequent adjustments will be re¬ 
quired on the longer systems to maintain the over-all 
circuit net loss within given limits. 

The carrier frequency attenuation of cable circuits is 
much greater per unit length than that for open-wire lines. 
Hence, the losses introduced by comparatively short 
sections of cable, either at entrances to offices or at inter¬ 
mediate points are of considerable importance. In addi¬ 
tion to the attenuation of the cable itself, there are large 
reflection losses at the junction of the cable and the open 
wire, due to the difference between the characteristic 
impedance of the open wire and that of the non-loaded 
cable. The carrier terminal and repeater have been de¬ 
signed to have the same impedance as the average of the 
open-wire line facilities, so the same considerations apply 

TRANSMITTING 




Figure 3. Frequency allocation 


amplifier at the terminals. Two sets of line filters are 
required, and are identical with those used at the ter¬ 
minals. The a-c power supply circuit is substantially the 
same as the one used at the terminals except that the 24- 
volt supply for relay operation is omitted. The power 
required for operation is about 35 watts. 

The complete repeater consists of three panels—the 
repeater panel, which is 10 l /2 inches by 19 inches, and 
two line filter and balancing panels. The repeater panel 
is shown in figure 9. 

Transmission Performance 

Line Considerations 

In outlining the transmission performance of the sys¬ 
tem, it is necessary to consider the characteristics of the 
lines as well as those of the equipment. At carrier fre¬ 
quencies the line losses and the variations in these losses 























at the junction of the cable and the carrier equipment. 
As an example of the magnitude of these effects, the in¬ 
sertion loss at 8,000 cycles of two miles of non-loaded 16- 
gauge cable is approximately 6 decibels, or about the 
same as that of 60 miles of 104-mil open wire. 

By applying carrier loading that has been developed 
for this purpose, the attenuation loss of such a cable can 
be reduced to about one decibel at 8,000 cycles. In 
addition, the reflections at the terminals of the cable will 
be reduced to satisfactory low values by virtue of the 
impedance matching properties of the loading. This 
method of treatment has the important advantage that it 
improves the transmission characteristics in both the 
voice and carrier range. 

In cases where substantial transmission margins exist, 
it is sometimes practicable to use impedance mat ching 
transformer networks at the cable te rminals , as a sub¬ 
stitute for carrier loading, with economies that are propor¬ 
tional to the length of the cables. At the present stage 
of development, this so-called transformer treatment is 
much less satisfactory in the voice-frequency range than 
in the carrier-frequency range. Certain inherent limita¬ 
tions in simple transformer treatment result from the 
fact that the ratio of the (non-loaded) cable impedance to 
the open-wire impedance varies widely over the frequency 
band to be transmitted, and the transformer impedance 
ratio that is optimum at carrier frequencies is distinctly 
isadvantageous in the voice frequency range. The 
choice of optimum transformer ratio for the complete 



panel—front view 

through reflection appear as crosstalk at the distant ter¬ 
minal of the system. 

Range of Operation 

The terminals and repeaters have sufficient load cariy- 
mg capacity so that they may be operated at an output 

-~ uansionner ratio tor the complete I*** 1 . 16 ^bels above that at the transmitting toll switch- 

transmission band may thus involve different compromises a°^u\ A 19 decibels transmitting gain and 14 
for different sets of conditions and service requirements ?ain are available at each terminal, of 

Where several carrier systems are to be placed on a pole “ 3 totaI ° f 20 deabels ma y be used at the east terminal 

Ime, crosstalk between systems becomes an important 
consideration, mere only a few single-channel systems 
are involved, it is sometimes possible, by separating the 
systems widely on the pole line, to operate with only the 
regular voice-frequency transpositions, but, in general, 
additional transpositions are required. A compara¬ 
tively inexpensive transposition system for this purpose 
was deigned at the time the type-5 system was dev^ed. 

It pennrts operation of type-i? systems on all pairs of a 
our crossaim line with the exception of the pole pairs 
and type-C three-channel systems on the top P crosLm’ 

In addition to transposing it is important that reflections 

dLSSr^ ^ ° Pen ' wire and cable be reduced as 
described above, in order that near-end crosstalk wiTn* 
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FiSfure 5. Schematic of a-c power 
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and 22 decibels at the west terminal. The lower permis- 

. .? °° P . f am .^ su f 1 transmitting and receiving gain) 

18 “ 0t C0BMa °fb since the bne loss is 
greater for the frequencies used in the east to west di- 

Sr+hT f °-^ USed “ west *0 east direction. 

St over a T f C "*** ° f Pr0vidin g a ^-decibel 
cuit over a lme whose attenuation does not exceed 31 

8 ’ 150 and 29 decibels at 

The* figures correspond roughly to the wet-weather 

n^ffit^t to 80 ° f ^ ° pen 

intermediate cable or equipment is involved. The 

? e 7" a smaU ^ount of cable will considerably 

wh?w h K attenuatlon so that in most cases, the distance 

and m ^Th be Spa ™ ed 18 not S^ter than 150 to 200 miles, 
and may be even less. 

Wlttr, greater distances a« to be covered, an inter. 
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mediate repeater may be added. The repeater has a use¬ 
ful gain of about 23 decibels in each direction, with some 
flexibility as to allocation of gains between the two direc¬ 
tions of transmission. More than one intermediate 
repeater can, of course, be employed, although as the 
system is lengthened maintenance effort will be increased, 
as more frequent adjustments of the over-all net loss will 
be required to compensate for the variations iti line attenu¬ 
ation with weather. No provision is made for a pilot 
channel such as is generally provided on the long multi- 
channel systems* and adjustments of overall net loss 
must be made manually. Also, no provision has been 
made for equalizing the variation in line attenuation with 
frequency. These factors are not important on the shorter 
circuits for which the system has primarily been designed. 

Over-Au, Transmission Characteristics 

The circuit provided by a type-// system wiUtout a 
repeater has a band width of about 2,750 cycles, extending 
from about 250 to 3,000 cycles. This is somewhat wider 
than that for the typc-2> system. The introduction of 
repeaters will tend to narrow the band somewhat. Repre¬ 
sentative frequency characteristics are shown in figure 11 . 
One set of characteristics is for a typical circuit without a 
repeater, and the other for a circuit including two re- 
peaters. It is assumed that the line conditions am such 
that no large reflection effects are present. 

te^L b ^l W ? th ^, ,imRcd P rinci P all y h V the charac 
tenstics of the band filters. The small differences in the 

characteristics for the two directions of transmission we 

d 5 ercnc f s in the fiJtcraand partly to the 
fact that the attenuation of the line increases with fre¬ 
quency and is greater at the 3.000-cycle point in the east- 
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to-west channel than for the 3,000-cyde point of the 

we l st 'b^ cmt channel. As the circuit is increased in length 
this difference tends to increase* 

Variations in over-all circuit net loss art; due largely to 
variations in the loss of the high frequency line. I*'or a 
circuit 200 miles long these may amount to * 3 decibels. 
The key-controlled pads which are included at each ter¬ 
minal and repeater are provided for making adjustments 
to compensate for these variations. Variations due to 
the equipment are small in comparison with the line 
variations. The transmitting gain at a terminal may 
vary + 0.5 decibel and the receiving gain * 0.3 decibel 
for variations of * io volts in the a-c supply. With a 
more stable a-c supply or when operated from regulated 
plate and filament batteries such as are employed in the 
larger telephone offices, these variations will be less than 
half the figures given above. With suitable maintenance 
it should bo possible to maintain the over-all circuit net lojis 
within * 2 decibels of its normal value. 

A representative load characteristic, as measured with 
1,000-cycle current for a system without a repeater is 
shown in figure 12. On a repeatered system some addi¬ 
tional limiting of high inputs may occur. However 
even on repeatered systems, there should be no noticeable 
distortion for input volumes such as are obtained directlv 
from a switchboard. 7 

Reactions on Voice-Frequency Circuit 

In superimposing a carrier system on a voice-frequency 
circuit, line filters are added to provide separate paths for 
the voice and carrier circuits. The introduction of a filter 
m one side of a phantom group requires the addition of a 
network in the other side of the phantom group to main- 
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tain the balance of the phantom circuit from a noise and 
crosstalk standpoint. It is also necessary for return loss 
reasons to balance these units in the network circuits of 
voice-frequency repeaters that may be located at the same 
point as a carrier terminal or repeater. The networks re- 



Figure 9. Repeater panel—front view 


quired to take care of these conditions are included with 
the carrier system. 

In some cases it is desired to apply the type-// system 
to circuits equipped with bridged telephone stations at 
intermediate points. Such arrangements are common on 
railroad communication systems, and occur to a small 
extent in the Bell System. In such cases, excessive inter¬ 
ference into the carrier system due to talking at the way 
station, and into the way stations due to talking on the 
carrier system, is likely to occur unless suitable filters are 
provided at each way station. A simple filter for this 
purpose has been developed for use with the 501-type 
subscribers set, and work is proceeding on a similar filter 
for use with other types of subscribers sets. 


Design Features 

In the development of the type-// system advantage 
was taken of many new devices which have been perfected 
in recent years, adapting them to the particular conditions 
of this application. A discussion of the more interesting 
features relating to the design of the various parts of the 
system is given below. 

Modulators 

The modulator and demodulator used in the type-// 
system are of the double-balanced copper-oxide type. 
Each modulator or demodulator consists of an input 
transformer, an output transformer, a copper-oxide 
‘ ‘varistor’ ’ and a carrier supply. Although the modulators 
are bilateral, in the present application they are used in 
one direction only. The varistor consists of 48 copper- 
oxide disks assembled on a single bolt and connected as 
shown in figure 13. 

The principal advantage of this type of modulator or 
demodulator is that in the ideal case (and to a lesser degree 
in the practical case) each modulation product appears 
only in one of the four branches of the circuit. For ex¬ 
ample in the case of the modulator, if a voltage of fre¬ 
quency V is applied to the input and a voltage of fre¬ 
quency C is applied by the carrier supply circuit, resulting 
products of modulation will appear in the ideal case as 
shown in figure 13. It is obvious that the only unwanted 
products in the output which cannot be suppressed by 
filters or balance are those which are of the frequency 
(C =•= A V) which for some values of A and V fall in the 
frequency range of the desired sideband (C + V) or 
0 C - V). 

These components, however, are normally more than 50 
decibels weaker than the sideband and are not noticeable. 
Of course, the term A V represents not only odd harmonics 
of V but odd order intermodulation products such as 


The line filters and the filters for use at way telephone 
stations each introduce a loss of about 0.15 
decibel to the through voice-frequency transmission. 
Where the voice-frequency circuit is equipped with re¬ 
peaters and return loss conditions permit, these additiona l 
losses may be taken care of by readjusting the voice- 
frequency repeater gains. In extreme cases, particularly 
where a considerable number of filters are to be added, it 
may be necessary to resort to other means of improving' 
Ike transmission on the voice-frequency circuit, such as 
loading of incidental cables or the addition of a voice- 
frequency repeater. 

On circuits equipped with way stations, selective 
signaling by means of selectors is sometimes used. Such 
signaling systems are generally arranged to apply an 
answer bade tone to the line when a station has been 
caUed to indicate to the calling party that the selector has 
operated. This tone contains a considerable amount of 
high-frequency currents so that it is necessary to modify 

Rector circuit to filter out the high frequencies. tZ 

^ ° De aDd makes the answer back 
tone inaudible on the carrier circuit. 
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Figure 10. Attenuation of open-wire side circuits/ 12-inch 
spaced copper wire with double-petticoat glass insulators 


(2Fi * V<t). The relative amplitudes of the (C =fe A V) 
terms increase with load in a similar manner to that for 
the distortion products of an amplifier as the overload 

point is approached, and the effect on articulation is the 
same. 

For the actual case the modulator balance is not perfect 
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and all products and the original frequencies do appear 
in all branches of the circuit including the output. How¬ 
ever, the balance in most cases is greater than HO decibels 
and the filter requirements are helped to that extent over 
some portions of the frequency range. This is particularly 
helpful in connection with suppressing the carrier from 
the output and input since it lies only about 200 cycles 
from the pass baud and it would be costly to obtain all of 
the suppression required by means of filters. 

With a single disk in each arm, taking the factory run of 
disks and making no attempt to select units the balance 
for many assemblies would be less than lf> decibels. By 
selecting units, this balance could be improved to any de¬ 
sired amount. In the present design, however, to save 
the cost of selection 12 disks were used per arm to obtain 
the better balance resulting from the averaging of the 
characteristics of a large number of disks. There is some 
sacrifice in efficiency due to using the large number of 
disks but in this application it was of minor importance. 

The averaging obtained by using 12 disks in each arm is 
helpful in several other respects. First, the normal irn 
pedanee, transmission, and balance do not vary greatly 
from unit to unit. Secondly, although each disk has a 
negative coefficient of resistance vs. temperature and 
there is a variation in the coefficient among disks, the 
average coefficient of 12 disks chosen at random will be 
very nearly equal to the average of any other 12 disks 
chosen at ramdom and the balance between arms will, 
therefore, remain practically constant with temperature’ 
even though the impedance and efficiency vary. A simi¬ 
lar advantage is obtained in the case of aging and a good 
balance is obtained throughout the life of the equipment. 

Oscillator 

As mentioned previously the same carrier (suppressed) 
frequency is used for transmission in both directions, thus 
requiring a single oscillator instead of two as in the type-# 
system. The principal requirement for an oscillator for 
this use is that its frequency remain stable under the vari¬ 
ations in power supply voltage and temperature which will 
occur. The new design which is shown schematically in 
figure 14, provides a degree of stability such that no oper- 



IO r1fewed 'ro l iMiu.imT , f Els 
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Figure 13. Simplified schematic of copper-oxide modulator 

ating adjustments will be required due to these factors. 
Relatively high stability with changes in temperature is 
obtained by balancing the positive capacitance tempera- 
ture coefficient of the copper-oxide load and the mica 
tuning condenser against the negative coefficient of the 
paper timing condenser. 

I he stability of frequency with plate voltage variations 
is about 5/10' parts per volt. This is adequate and was 
obtuiued without the use of an expensive tuning induct¬ 
ance. The coil used, which also serves as output and 
feedback transformer lias a ratio of reactance to resistance 
of about 20 ami is an air-core solenoid potted in a copper 
can. 
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Ampuptiihs 

Both the receiving and transmitting amplifiers employ 
a single pentode with about 9 decibels feedback. For this 
amount of feedback, the variations of gain and impedance 
due to power supply variations are reduced to at least 
one-third of the amount of the variation obtained without 
feedback, and the load carrying capacity is increased 
about one decibel, 

1 he two amplifiers differ in that the frequency range 
transmitted is different and in that the output transformer 
of the receiving amplifier also nets as an inequality ratio 
hybrid coil to separate the receiving signaling circuit from 
the two-wire voice circuit. The two circuits are shown in 
figure 4. In each case, the feedback is accomplished by 
means of a bridge circuit in the output and a series con- 
nection in the input. This can be more readily seen from 
figure 15, which is a simplified circuit representing both 
amplifiers. There is a considerable saving in circuit 
elements as compared to the familiar resistance bridge 
feedback connection. The output power loss due to 
shunt arms of the resistance bridge is eliminated, Fur- 
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thermore, the impedance of the feedback circuit is rela¬ 
tively low, and consequently some wiring difficulties were 
avoided. In this application, the bridge is unbalanced, 
and the impedance Z 0 is a function of KR 0 . As a result, 
it was convenient to adjust Z 0 to the optimum value by 
choosing the proper value of KR 0 . 

Filters 

Filters constitute an important part of the type-i? 
carrier system. They represent about 30 per cent of the 
cost of the terminal and occupy about 25 per cent of the 
total space. 

The various filters required at a terminal are indicated 
in figure 16. The transmission characteristic of each 
filter is given in miniature above or below the block 
representing the filter. 

The high-pass and low-pass line filters separate the 
ordinary voice telephone channel and the added carrier 
telephone channel made available by this system. The 
low-pass line filter passes voice frequencies and suppresses 
all other frequencies. The high-pass line filter passes 
the carrier frequencies and suppresses the voice frequen¬ 
cies. Each filter offers a high impedance to the frequen¬ 
cies passed by the other, and bridges off only a very small 
part of the energy of these frequencies. 

The remaining filters are associated with the carrier 
terminal proper, where they serve to separate the trans¬ 
mitting and receiving paths and suppress unwanted fre¬ 
quencies. The voice frequencies pass through the hybrid 
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Figure 14. Schematic diagram of oscillator circuit 
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upper sideband is transmitted, and the modulator output 
filter passes this sideband and suppresses the lower side¬ 
band, together with other unwanted modulation products. 
In this manner it limits the load on the amplifier to the 
desired sideband. The transmitting directional filter 
offers further suppression to frequencies lying outside this 
band. The receiving directional filter will not pass this 
band but has a high impedance to these frequencies. The 
high-pass line filter passes all frequencies above roughly 
3.5 kilocycles and, therefore, this band passes through it 
readily and out onto the line for transmission to the dis¬ 
tant terminal. Transmission from a west terminal is 
identical in principle but here the lower sideband is 
passed by the modulator output filter and transmitting 
directional filter while the upper sideband is suppressed. 

It is apparent from figure 16 that the received sideband 
coming in on the line from the distant repeater or terminal 
is operated upon by the filters in a reverse manner from 
that described above for the transmitted sideband. The 
incoming frequencies are directed through the receiving 
directional filter to the demodulator, where modulation 
with the original carrier reproduces the voice frequencies 
together with other modulation products. The desired 
voice-frequency band is then separated from these prod¬ 
ucts by the receiving low-pass filter. 

In addition to performing the function of selecting 
desired and rejecting undesired currents, a filter, if operat¬ 
ing in parallel with another as in the case of the directional 
filters or the line filters, should offer a high impedance to 
the transmitted currents of the other and thus prevent an 
excessive drain of these currents. Since these filters are 
designed for operation in parallel, either filter operated 
without the other would have somewhat different elec- 
trical characteristics. 

The economies and reduction in size of these filters as 
compared to those of the type-Z> system are due to several 
factors. Improved paper condensers having the required 
stability are used. Compared to mica condensers, these 
condensers are less costly and smaller for a given ca¬ 
pacity. Moreover, at a very slight increase in cost paper 
condensers are used which will withstand 1,000-volt line 
surges. Most of the condensers of the type-Z) system were 
designed for only 500-volt protection. 

, of coils "to molybdenum permalloy cores 

having the necessary stability and low hysteresis losses 

° f the air ' core solenoidal coils used 
m the type-Z> system. Since these new coils have less 
^ipation, the filters have flatter and wider transmisrion 

~ ntrib ^ to Wove telephone quali* in 
the system. These coils are toroidal in shape and have 
exy sma stray fields and therefore small coupling with 
any nearby coils. This permits them to be packed closely 
ar-S--; “ a ^ decrease indie 
wi effect^ ^- UCtl ° n insizeand «>st of the filters 

each cdl Th! 6 f peas ^ with ^dividual containers for 
each cod The elements of the filter are wired tovetw 
and held in olaef* in , wirea together 


whole assembly. 

The small size of the elements and the very low coupling 
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Conclusions 

The development of the type-// system is another step 
m extending the use* of carrier systems. Improvements 
m performance and simplifications which are effective in 
reducing its cost as compared with the type-T? system 
which it supersedes have been obtained. Reduction in 
size and provision for operation on a-e supply simplify its 
installation, particularly in outlying offices where suitable 
d-c power supply is not ordinarily available. Its portabil¬ 
ity makes it well suited to providing additional circuits 
required in eases of emergency. The type-// system is 
expected to have a large application in the Bell System 
telephone plant, and in addition to provide carrier circuits 
for the communication systems of other companies. 
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Corona Voltages of Typical Transformer Insulations Under Oil 

By F. J. VOGEL 

ASSOCIATE AIEE 


General 

! N RECENT years, the importance of designing oil- 
immersed transformers to avoid deterioration during 
insulation tests has been emphasized. This is indeed 
proper, since it is very desirable to prevent deterioration 
in any form, especially when it may result in future trouble 
to the user. It has been found that insulation deteriora¬ 
tion is caused by corona or local discharges in the oil and 
over solid insulation surfaces. It is therefore necessary 
that the designer know the laws of corona in oil, as de¬ 
termined by the configuration of the parts and the strength 
of materials. 

In order to obtain these data, many tests have been 
made on barriers and models under oil, both with 60- 
cycle and impulse voltages. 

The results of these tests show that, for essentially 
square-cornered parts, as in transformer constructions with 
interleaved insulation of the usual type, the dielectric 
strength varies approximately as the barrier thickness to 
the two-thirds power. These tests show that the ratio of 
impulse-voltage corona to 60-cycle corona is in the order 
of 2.2. 1,2 They also show that entrapped air within the 
insulation structure may greatly reduce the dielectric 
strength, and that the use of vacuum is very helpful in 
avoiding this difficulty. 

In obtaining the data, two series of tests were made and 
a description of the test specimens, procedure and data 
follow. 

Description of Barriers—First Series of Tests 

The barriers tested were of three thicknesses, two and 
one-eighth inch, four and one-eighth inch, and seven inches. 
In order to simulate conditions in a transformer, an addi¬ 
tional one-quarter-inch duct was placed between the 
barriers and the upper electrodes, making total separa¬ 
tions of two and three-eighths, four and three-eighths, and 
seven and one-quarter inches. The barriers were all 
constructed with fullerboard sheets and ducts, similar to 
figure 1. Angles were interleaved as shown. The bottom 
electrode was a large plate. The top electrode consisted 
of five dummy coils of the same dimensions. The five coils 
were used in order to more closely simulate actual con¬ 
ditions in a transformer. 

Each dummy coil was made of a three-eighths-inch- 
thick fullerboard sheet covered with lead foil, taped, and 
varnished, to a total thickness of about one-half inch. 

A paper recommended for publication by the AIEE committee on electrical ma¬ 
chinery, and scheduled for presentation at the AIEE winter convention, New 
York, N. Y., January 24-28, 1938. Manuscript submitted October 6, 1937; 
released for publication October 28, 1937. 

F. J. Vogel is division engineer of the Westinghouse Electric & Manufacturing 
Company, Sharon, Pa. 

1. For all numbered references, see list at end of paper. 


These coils were assembled with five-sixteenths-inch 
spacers between coils. The spacing between the coils 
and the angles was varied, the intervals being three- 
eighths, three-quarters, one and one-half, and three 
inches. 

Test Procedure—60 Cycles 

These tests were made to determine the voltage re¬ 
quired to break down the oil between the upper electrode 
and the first angle. The barriers were tested under oil at 
70 degrees centigrade, and special precautions were taken 
to eliminate any corona on the leads both under the oil 
and in the air. Audible corona was noted both by the 
use of a microphone under the oil, and by observers placing 
their ears directly against the tank. 

The actual procedure during the tests is best described 
by giving, step by step, the results of the tests on a four 
and one-eighth-inch-thick barrier, with the dummy coils 
three inches from the first angle. After the barrier was 
immersed in the oil, it was shaken and the upper elec¬ 
trodes pounded. Considerable air was removed by this 
process. Then 125 kv was applied. Corona, which was 
present as shown by intermittent clicks, stopped abruptly 
after three minutes. When the voltage was removed, 
some air and gas escaped. Next 150 kv was applied and 
corona again appeared, gradually becoming weaker and 
at longer intervals, say 30 or 40 cycles, and disappearing. 
The voltage was removed, and the barrier shaken, and 
more bubbles were driven out. Then 180 kv was applied 
for five minutes, with no corona appearing during the last 
four minutes. At 200 kv, deterioration set in as indicated 
by a weak steady buzz. The voltage was immediately 
removed and then 150 kv, 180 kv, and 195 kv were applied 
without a sign of corona. Above 200 kv, corona appeared 
regularly, and thus 200 kv was determined as the corona 
voltage for this arrangement. 

In every case, when bubbles were present, it was found 
that either the air had not all been removed, or that there 


Table I. Test Results—60 Cycles—Oil Temperature Ap¬ 
proximately 70 Degrees Centigrade 


Barrier 

Number 

Separation 
Dummy Coils 
to Plate 

Distance 
Dummy Coils 
to Angle 

Corona 

Point-Kv 

RMS 

Maximum 

One-Minute 

Hold 

1. 

.2Vs. 

.Vs. 

.180. 

.225 

9 

.2 Vs. 

. a A. 

.170. 

.240 

3. 

.2«/,. 

. u /2 . 

.150. 

.250 

4. 

.2Vs. 

.3 . 

.130. 


8. 

.4Vs. 

. Vs. 

.290. 

.360 

9. 

.4Vs. 

. Vi. 

.280. 


10. 

.4 3 /s. 

.IV*. 

.260. 

.350 

16. 

.4*/ 8 . 

.3 . 

.200. 


18. 

.71/4. 

. 3 /i . 

.360. 



34 Transactions 


Vogel—Corona Voltages 


Electrical Engineering 







































was corona and insulation deterioration. In the de¬ 
termination of the corona point, it was required that a 
slightly lower voltage be held for five minutes without 
either bubbles or audible disturbance. 

Procedure—Impulse Tests 

Two series of tests were made, all using approximately 
iy 2 x40 positive full waves. One series was made to 
failure, by applying at least 100 surges at each voltage 
setting. Another series was made by removing the bar¬ 
rier from the oil after 100 surges at each voltage setting, 
and determining the voltage at which marking was ob¬ 
served. The air was removed as far as possible by shaking 
the barriers. 

Discussion of Results—First Series of Tests 

These results are of importance because they show how 
entrapped air affects the insulation strength of an assembly 
under oil. They are also of importance in showing how 
the strength of oil is affected by the distance between 
the electrode and the barriers. Some of the values given 
by table I are shown on figure 2. This figure indicates 
that for a given arrangement the breakdown or corona 
voltage varies as the tw T o-thirds power of the separation 
between the dummy coils and plate. The values also 
indicate that neither the 60-cycle nor impulse breakdown 



Figure 1. Sketch showing 
typical arrangement of bar¬ 
riers in the tests. B was 
three - eighths, three-quarters, 
one and one-half, and three 
inches. T was two and three- 
eighths,fourandthree-eighth$, 
and seven and one-quarter 
inches 


ELECTRODE 

vzzzzzzzzzzzzzm 



GROUND 



Figure 2. Rela¬ 
tions between 
maximum one- 
m i n ute hold or 
corona voltage 
and barrier thick¬ 
ness. Data taken 
under oil at ap¬ 
proximately 70 
degrees centi¬ 
grade and with 
60-cycle voltages 


Table II. Breakdown Test Results—Impulse Tests—Oil 
Temperature 76 Degrees Centigrade 


Separation Distance 

Barrier Dummy Coils Electrode to 
Number to Plate First Angle 

Voltage 

in 

Kv 

Number of 
Surges and 
Remarks 

1. .. . 

■ ..43/ 3 . 

. 3 A. 

. ...870. 

.... 100 




920. 

.... Failed on 59th Surge 

2. .. 

....43/s. 

. 3 A. 

. .. .870. 

.260—Slightly marked 




920. 

.... Failed on 187th Surge 

3. .. , 

■ • • .43/s. 

. 3 A. 

. ...870. 

.... 230 




920. 

.... Failed on 80th Surge 

4. . . . 

■ • • .43/s. 

. 3 /s. 

_870. 

.... Failed on 240th Surge 

5. . . 

■ ...43/a. ... 

. 3 A. 

. . .820. 

.... 446 




870. 

.... Failed on 161st Surge 

6. 

• ■ • .43/a. 

. 3 A. 

.. .870. 

.... 293 




920. 

.... Failed on 136th Surge 



Table III. 

Endurance* 

—Corona-Voltage Tests 

Separation 
Barrier Dummy Coils 
Number to Plate 

Distance 
Electrode to 
First Angle 

Voltage 

in 

Kv 

Number of 

Surges and 
Remarks 

12. . 

.43/ s . 

. 3 A. 

...790. 

.... 100—No marks 




830. 

_100—Marked 

7. . 

.43/s. 

. 3 A. 

...720. 

.... 100—No marks 




790. 

.... 110—No marks 




850. 

.... 110—Marked 

8. . 

.43/8. 

. 3 A. 

...790. 





820. 

.... 100—Marked 

10. , 

.43/s. 

.3. 

...590. 

.... 100—No marks 




620. 

.... 100—Marked 

11. 

.43/ 8 . 

.3. 

...590. 

.... 100—No marks 




620. 

.... 100—Marked 


Table IV. Comparison of Corona Values—60 Cycle 
and Impulse 


Corona Voltage 

Separation Distance - Ratio 

Dummy Coils Electrode 60 Cycle Impulse Kv Impulse 

to Plate to First Crest-Kv V/ t x 40 to 60 Cycles 

Angle (Inches) Pos. Wave 


43 /g. 

.3 /3 . 

.410_ 

.830. 

.2.0 

43/s. 

. 3 A. 

.396. 

.835. 

.. ..,.2.1 

43/s. 

.3 . 

.282. 

.620. 

.2.14 


are much affected by the distance B between the coils 
and the first barrier for these particular tests, but this is 
not necessarily true in general, as shown by later tests. 
Table II also shows that insulation may stand hundreds of 
surges above the corona voltage as established by insula¬ 
tion marking. They also show that the impulse ratio for 
corona voltages is in the order of 2.1, but later tests on 
samples more closely similar to actual transformer con¬ 
struction, show a ratio of 2.2 or over. 


Description of Barriers—Second Series of Tests 

Since the preceding tests confirmed the necessity of re¬ 
moving all air, it was decided to make another series of 
tests, impregnating and filling the models with oil under 
vacuum. The insulation around the coil conductor has 
considerable bearing upon the dielectric strength, and so 
the new models were made with dummy coils of copper 
ribbon taped to 0.120 inch thickness with paper. The 
distance from the insulated coil to the first angle was 
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from three-eighths to three-quarters inch. The barrier 
thickness was two and five-eighths inches. 

Test Procedure—60 Cycles and Impulse 

In these tests, the voltage was raised in steps, holding 
the voltage for one minute at each step, until corona ap¬ 
peared as indicated by the formation of fine bubbles. A 
similar procedure was followed in obtaining impulse data, 
except that 100 positive wave impulses were applied at 
each voltage step. The impulse voltages were chopped 
by a gap at approximately three microseconds. 


Table V. Results of Second Series of Tests 


60-Cycle Corona 

Impulse Corona 

285 .917 

..920 

Average—283. 

.918 


The impulse ratio—impulse voltage at approximately 
3 microseconds to 60 cycle crest voltage—is approximately 
2.29. Corona at 60 cycles was not indicated until the 
breakdown voltage was reached. 

Discussion of Results—Second Series of Tests 

The results of these tests show how effectual the appli¬ 
cation of vacuum is in obtaining the full insulation strength 
of a transformer without the necessity or risk of carefully 
building the voltage up, and making so-called “bubble 
runs.” They show clearly that large high-voltage trans¬ 
formers will have their maximum dielectric strength im¬ 


mediately when put in service, if filled with oil under vac¬ 
uum. It also shows that the ratio of impulse to 60-cycle 
corona is of the same order as the impulse ratio of break¬ 
down previously given, namely, 2.2 or more. 

Conclusions 

1 These tests, and previous experiences with models of trans¬ 
formers, show that corona can be avoided in transformers, both for 
60 cycles and for impulses. It also shows that an average ratio 
between the impulse and 60-cycle crest voltage corona point of insu¬ 
lation similar to actual transformer insulation is 2.2. 

2. These tests show the importance, both from a 60-cycle and 
impulse viewpoint, of the removal of all entrapped air. It is shown 
to be desir able to fill transformers with oil under vacuum, both for 
factory tests and at the time of installation. Tanks for many trans¬ 
formers of the larger sizes and higher voltages are made suitable for 
the application of vacuum. 

3. These tests show that in some cases insulation will stand hun¬ 
dreds of impulses slightly above the corona point. This situation is 
similar to that found in 60-cycle tests, in which insulation with¬ 
stands a higher value for one minute than the “marking” value. 
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Recent Advances in Resistance Welding 


D URING the past few years fundamental concepts of 
resistance welding have not been greatly changed, 
progress being limited mostly to refinements in the 
art of welding procedure, design of machines and auxili¬ 
ary equipment, and broader applications to industry in 
general. Advances may be classified under the headings 
of time, pressure, and current control which are funda¬ 
mental to all resistance welders, materials to be welded 
including their preparation for welding, and means for 
placing the parts in the welding machine. 

Perhaps the most noteworthy improvements have to 
do with the accuracy of the time period of current ap¬ 
plication. Controls whereby the primary current of the 
welding transformer is fed directly through either thyra- 
tron or ignitron tubes are coming into general use since 
they make practicable perfect timing of current applica¬ 
tion in exact periods of one-half cycle or larger multiples 
thereof. The maximum root mean square current capac¬ 
ity of these tubes has also been steadily increased up to 
10,000 amperes at present for continuous welding opera¬ 
tions. Not only have these exact tube controls been 
developed for use with much higher. currents than were 
formerly used, but at the same time they have also made 
possible satisfactory commercial welding of materials 
which can only be welded in these short time intervals at 
high current densities. An auxiliary development to 
purely electronic timing is heat control which is accom¬ 
plished by suitably delaying the ignition point of each 
tube for each half cycle of power current conducted and 
consequently cutting down the weld power for each half 
cycle. This has been used as a substitute, but usually 
as an auxiliary to the tap switch on the welding trans¬ 
former for critical welding heat adjustments. 

Probably stimulated by the performance of electronic 
control, very marked improvements in the operating 
speed of spot welding contactors has taken place. Also 
a large number of devices have been developed for more 
accurately controlling these contactors’ Sending a cur¬ 
rent pulse of very brief duration or a series of impulses to 
the contactor magnet coil as determined by the rate of 
charge or discharge of a condenser, the inductance of a 
coil, or the operation of sensitive relays controlled by 
clock motors has allowed more satisfactory operation of 
magnetic contactors while refinements in the operation of 
mechanical contactors as synchronously co-ordinated 
with the welding circuits has also been considerable. 
Air-operated weld timers are also proving quite satis¬ 
factory on some classes of work and multiple control units 
are being used on automatic spot welders for controlling 
contactors and the motion of air operated heads and their 
dwell. ___ 

A report of the subcommittee on resistance welding of the AIEE committee on 
electric welding, scheduled for presentation at the winter convention, New York, 
N. Y., January 24-28, 1938. Manuscript submitted October 19, 1937; re¬ 
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Welding machines have undergone marked improve¬ 
ment in the last few years, and this improvement is un¬ 
doubtedly partly due to the more precise control now 
available. Pressure means on press welders such as air- 
cushion chambers in combination with cam action and 
the elimination of pounding are decided steps forward. 
The use of initial and final pressures on projection welding 
is also quite common. Better synchronization of machine 
operation and control makes possible fiilly automatic 
spot and projection welders with semiautomatic feed and 
discharge of parts to and from the welding position. 
Flash welders afford much better flash protection and the 
jaw movements whether co-ordinated' *by cam, spring, air, 
or hydraulic action or combination thereof have been 
much improved. Much higher capacities of transformer 
are being used and kilovolt-ampere capacities consider¬ 
ably over 1,000 are not at all unusual. ‘ Means for ad¬ 
justing the welding current in smaller steps are more 
often provided especially for nonferrous materials. Some 
machines are also equipped with milling cutters which 
machine the work piece at their contact points prior to 
welding which reduces the possibility of variable power 
input into the weld area in successive welding opera¬ 
tions. The use of automatically operated resistance 
welders for accurate annealing temperatures as controlled 
by photoelectric cells focused on individual parts has 
reached a high degree of development. 

Multitransformer and multielectrode machines have 
come into extensive use during the last three years. 
Multielectrode machines such as the hydromatic spot 
welder using either one or more transformers has made 
possible very rapid spot welding on large assemblies and 
in addition has made possible individual quality control 
for each weld. Multitransformer machines are used to 
insure quality in individual weld spots and also to insure 
the proper current distribution on projection welding 
platens or large flash welding machines. 

In order to speed up spot welding operations on strip 
materials wheel type electrodes are used under conditions 
similar to seam welding, but with longer periods of cur¬ 
rent interruption and consequent speeds as high as 120 
feet per minute. 

Special machines such as portable spot welders used for 
large assemblies of sheet iron parts and light frameworks 
are more popular than ever and are finding many more 
applications outside of the automobile industry where 
they were first put to use. In order to reduce the weight 
of the gun and lessen operator fatigue on large portable 
welders these are being built of aluminum or magnesium 
alloys in the hydromatic type so that the pressure cylin¬ 
der is only about one inch in diameter instead of four or 
five. Plier type welders which are really miniature 
portable spot welders are also used for making electrical 
connections on meters, radios, or similar apparatus. Even 
percussion welders of which there are relatively few are 
increasing in number and the discharge of a bank of con- 
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densers or its equivalent into the primary of a resistance 
welding transformer finds applications on very critical 
welding setups. 

Interrupted spot welding sometimes known as “per¬ 
sistence” welding is a relatively new method of welding 
very heavy sheets up to one inch in thickness. A series 
of welding current impulses is sent through the electrodes 
of a conventional spot welding setup giving the weld 
area time to heat up at the point of fusion but allowing 
the surface in contact with the electrodes to remain rela¬ 
tively cool. Such a set-up operates most consistently and 
with the best results by using electronically and auto¬ 
matically controlled timing periods, water-cooled elec¬ 
trodes and materials which spot weld readily such as 
low-carbon steel. 

Practically all users of resistance welding ma chin es now 
use either die-type electrodes or electrode tips made of 
special electrode materials. The use of these materials 
in die-lype electrodes in combination with satisfactory 
cooling media makes possible the extension of resistance 
welding to a wide variety of special shapes including 
many not of sheet form. In addition to the tungsten- 
copper combinations and the cadmium copper alloy there 
are now a number of other electrode alloys available such 
as silver-tungsten and those which consist principally of 
copper, but contain small percentages of chromium, 


molybdenum, cobalt, beryllium, silicon, or zirconium. 

The industries in which the application of resistance 
welding has made considerable strides and are using more 
welding equipment are radio, aircraft, electric machinery 
and equipment, refrigeration, metal sash and window 
frame, automobile, metal wares,>telephone, farm machin¬ 
ery, railroad equipment, and metal furniture. 

In the past, frequent criticism has been heard because 
many users of and even some manufacturers of resistance 
welding apparatus have operated on a decidedly rule-of- 
thumb basis. Attempts are being made to put resist¬ 
ance welding on something approaching a quantitative, 
scientific basis and some progress has been made by the 
introduction of various simple meters and measuring 
devices, especially adapted to the peculiar requirements, 
such as means for measuring the time of current applica¬ 
tion, electrode pressure meters, and instantaneous type 
current meters employing a gaseous glow lamp as the 
measuring element. Some tables have also been pub¬ 
lished showing the proper electrode area, time, current, 
and pressure to use on specific material of given dimen¬ 
sions. It is also felt that more effort should be expended 
on standardization of transformer and secondary circuit' 
performance of welding machines and that more co¬ 
ordination along these lines between manufacturers of 
this equipment is desirable. 
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Temperature Limits (or Short-Time Overloads 
for Oil-Insulated Neutral Grounding Reactors and Transformers 


By V. M. MONTSINGER 

FELLOW AIEE 


T HE PROTECTIVE DEVICE committee is working 
on the problem of preparing standards for neutral 
grounding devices. One of the most important points 
up for consideration is the selection of the temperature 
limits for various times of operations of the devices. 

At the present time grounding transformers are designed 
to withstand a one-minute short circuit (duration of fault) 
without exceeding a temperature of 160 degrees centigrade. 

The increasing use of oil-immersed neutral grounding 
devices—reactors, transformers, and Petersen coils— 
where the fault may last several minutes makes it neces¬ 
sary to standardize safe temperature limits for the longer 
periods of time. 

In the case of grounding transformers the 160-degree- 
centigrade temperature limit is based on all heat being 
stored in the copper (neglecting the insulation) during the 
one-minute period. Obviously, where the time of fault 
lasts several minutes the maximum temperature reached 
will be influenced considerably by some loss of heat during 
the heating up period, especially if the winding has oil 
ducts between all coils. In other words, both heat storage 
and dissipation should be taken into consideration. 

On the other hand, since many neutral grounding de¬ 
vices cany no load except during the fault, windings with 
no oil ducts between coils can and are sometimes used. In 
this case very little loss of heat will take place in the in¬ 
terior of the coil stack during the heating up period and 
the maximum temperature can be based on all heat being 
stored in the copper and its insulation. Again in this case 
the rate of cooling after the fault is removed is very much 
less than it is for coils with oil ducts. In fact, as shown 
later the cooling period of coils with no oil ducts is the con¬ 
trolling factor so far as aging of the insulation is concerned. 
•Coils with oil ducts will be termed “open type” coils and 
•coils with no oil ducts will be termed “closed type” coils. 

It is the purpose of this paper to calculate the tempera¬ 
tures for various lengths of faults—up to 30 minutes— 
that will produce the same aging of insulation as is pro¬ 
duced by 160 degrees centigrade for a period of one-minute 
fault—the present standard for grounding transformers. 

I. Aging of Insulation 

It is obvious that short-time temperature limits should 
be based upon the aging of the insulation. By aging is 
meant the mechanical deterioration (tensile strength) 

A paper recommended for publication by the AIBB committee on protective de¬ 
vices, and scheduled for presentation at the AIEE winter convention, New York, 
N. Y., January 24-28, 1938. Manuscript submitted September 21, 1937; re¬ 
leased for publication November 1, 1937. 
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since electrical deterioration does not take place 1 until the 
material has become quite brittle and well carbonized. 

To estimate the relative aging of insulations under 
short-time overload conditions, three steps must be taken, 
namely; 

1. Calculation of the temperature rise of the winding until the load 
is removed. 

2. Calculation of the cooling of the windings after the load is re¬ 
moved. 

3. Integration of the area represented by the heating curve, taking 
into account both temperature and time. 

Two types of coils are considered. First, coils of open type 
construction. Second, coils of closed type construction. 

II. Heating Curve of Open Type Coils 

Figure 1 shows a typical heating curve until conditions 
become constant of an oil-immersed transformer winding. 
This curve was based on the average of three curves hav¬ 
ing final copper rises in excess of the oil of 27, 42.5, and 
86 degrees centigrade given on figure 5 of a previous 
AIEE paper. 2 

m. Cooling Curves of Open Type Coils 

The cooling of windings of the open type construction 
has been calculated by an empirical formula shown later 
since, as was pointed out, in the AIEE paper, 3 the stand¬ 
ard cooling curve equation 6 t = 0o does not apply to the 

usual open type oil-immersed winding. The cooling curves 
in terms of watts per pound, figure 2, were based oil the 
formula (equation 8, reference 3): 

e = 1.95 W c ™( 1 - e- Lt ) (1) 

where 

d = cooling in degrees centigrade 
W G = watts per pound of bare copper 

= 2.16 X 10“* D 2 (at 25 degrees centigrade) where D = am¬ 
peres/square inch 
e =2.718 
L = 0.106 
t = time in minutes 

To use the cooling curves shown in figure 2 under tran¬ 
sient heating conditions (i. e., before the rise becomes con¬ 
stant) the temperature rise at the instant load is removed 
must be obtained in terms of watts per pound of bare 
copper for constant conditions. In other words, the watts 
per pound that would give the temperature rise (at the 
instant load is removed) for constant conditions must be 
found. Such a curve is shown in figure 3 for a typical 
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Based on three 
curves (27 degrees, 
42.5 degrees, and 
86 degrees copper 
over oil- final rises) 
figure 5 of reference 
2 

Based on curve with: 
• 27-degree final 
rise 

x 42.5-degree final 
rise 

£ 0 4 8 12 . 16 20 24 0 86-degree final 

TIME-MINUTES 3 

rise 

Figure 1. Temperature rise of horizontal disk coils. Copper 
rise over oil until conditions become constant 



coil stack.* For example, if, when the load or fault is 
removed, the temperature rise (over oil) is 55 degrees, 
100 watts per pound (W e ) should be used in calculating 
the cooling by equation 1. 

IV. Relative Aging of Insulation 
for Various Overloads 


represent the vertical parallel sides to being the base of 
both triangles and trapezoids. See figure 7. See appendix 
for derivation of equation 3 and examples worked out. 

Figure 4 shows the temperature limits for various dura¬ 
tions of overloads on open type coils starting at 25 degrees 
that give approximately the same degree of aging ob¬ 
tained where the temperature reaches 160 degrees centi¬ 
grade at the end of one minute. Figures 5 and 6 show 
similar curves except that the starting temperature is 75 
degrees centigrade. 

The methods used in integrating the temperature curve 
areas are illustrated in the appendix. 

The results of these calculations are shown in table I. 


Table I. Relative Aging of Open Type Coils 



Initial Temp. 25 Deg. 

Initial Temp. 75 Deg. 

Time of 

Maximum 

Units 

Maximum 

Units 

Overload 

Temp. 

of 

Temp. 

of 

(Minutes) (Deg. Cent.) 

Aging 

(Deg. Cent.) 

Aging 

1.... 

....160. 

. .380,000.. 

.160. 

... 778,000 

5.... 

....149. 

. .405,000.. 

.149. 

. .. 770,000 

10.... 

....139. 

. .410,000.. 

.138. 

.. . 799,000 

30.... 

....112. 

. .400,400.. 

.119. 

. .. 787,400 


Several years' experience with grounding transformers 
has indicated that 160 degrees centigrade for one minute 
is satisfactory. As a working base it is therefore assumed 
that 160 degrees centigrade is safe for a one-minute load. 
It has been shown 1 that the rate of aging doubles for each 
8 degrees centigrade increase in temperature or conversely 
is halved for each 8-degree decrease in temperature, and 
that the general form of the equation for expressing aging 
(or relative aging) as a function of both time and tem¬ 
perature can be written: 

A - to e°' 08STs (2) 

where 

A ~ units of aging 
t Q — time in minutes 
d - 2.718 

Ti — temperature in degrees centigrade 

In its present form equation 2 gives only relative aging 
units of insulation resulting from a continuous tempera¬ 
ture r 2 applied for a length of time to, and represented 
by the rectangular area of the time-temperature graph. 
Later an empirical constant is added for the purpose of 
giving some idea of how long the insulation will last in 
service. 

The equation for integrating temperature areas in the 
form of triangles and trapezoids is of the form 

g 0*088T 2 _ gO-088Tin 

0.088(r, - roj (3) 

where Ti and 2\ are the maximum and initial temperatures 
respectively of a triangle, but for a trapezoid T 2 and 7\ 

* This curve was determined by tests on typical coils. The equation of the 
curve is 

e - 1.38 W c °*» 

where 9 is the temperature rise over average oil temperature and Wc is the watts 
per pound of bare copper. In all cases where temperature rise is mentioned, it 
means the copper rise in excess of the oil temperature. 
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It will be seen from table I that the amount of aging 
where the starting temperature is 75 degrees is approxi¬ 
mately double that where the starting temperature is 
25 degrees centigrade. The reason for this may be ex¬ 
plained as follows: with a lower initial (oil) temperature, 



Calculated by equation 1 


a greater overload is required to reach a given tempera¬ 
ture limit than is required with a higher initial (oil) 
temperature. The higher the overload (or losses), the 
steeper the heating-up curve will be. Also, the higher the 
rise (over oil) at the time overload is removed, the faster 
in degrees per minute will be the cooling. (It is assumed 
that the oil temperature does not materially change during 
the entire period of heating and cooling.) 
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The result is that with the steeper heating curves and 
faster cooling curves (with the lower initial temperature 
and greater overloads) the areas near the top of the heating 
and cooling curves are smaller than they are with the higher 
initial temperature and lower overloads. This difference 
in the areas can clearly be seen in the curves shown in 
figures 4 and 5. Since most of the aging occurs near the 
peak temperatures the size of the top areas is very im¬ 
portant and hence the aging is less for the lower initial 
temperature. This means that to obtain the same aging 
during the overload period, for 25-degree initial tempera¬ 
ture, approximately 8-degrees higher temperature could 
be allowed than for 75-degree initial temperature, since, 
it has been assumed that aging doubles for each 8-degree 
increase in temperature. In fact, the difference would be 
more than 8 degree because this does not take into account 
the aging during the time when no overloads are on, dur¬ 
ing which time it would, of course, be greater for a con¬ 
tinuous temperature of 75 degrees than for a continuous 
temperature of 25 degrees centigrade. 

Based upon the assumption that 160 degrees centigrade 
is safe for one minute and upon the values shown in table 
I, it would seem that the following temperature limits (or 
some of these limits) could be standardized for oil-im¬ 
mersed grounding neutral devices of open coil construc¬ 
tion. 


Table II. Temperature Limits for Open Type Coils 


Overload 

Time Degrees 

(Minutes) Centigrade 


1.160.0 

2 .157.5 

3 .155.0 

5.150.0 

10.140.0 

20.125.0 

30.:.120.0 


For closed type coil (with no oil ducts) the temperature 
limits, for a given initial temperature, are obviously lower 
than for open type coils for the reason that the cooling 
period is much longer than for open type coils. Based on 
the rate of aging being halved for each 8-degree decrease 
in temperature, to keep the aging on a coil stack with no 
oil ducts to the same value as for an open type coil reaching 
160 degrees in one minute, the temperature should not 
exceed approximately 135 degrees centigrade. On the 
other hand, there is very little difference in aging whether 
the heating up period is one minute, five minutes or ten 
minutes, since most of the aging takes place after the load 
is removed. 

Since most, if not all, ’neutral grounding devices of the 
Petersen coil type operate only when there is a fault and 
where the starting temperature would be at room tem¬ 
perature, it would seem that devices with closed type coils 
could operate during a fault at somewhat higher tempera¬ 
tures than could devices with open type coils, which 
permit of carrying some load continuously if occasion de¬ 
mands it. In other words, it may be safe to use the tem¬ 


perature limits given in table III for coils of the closed 
type. This is a question that should be given considera¬ 
tion when selecting temperature limits for standardiza¬ 
tion purposes. 

Heating and Cooling of Closed 
Type Coils (No Oil Ducts) 

In calculating the time-temperature curves of the closed 
type coils the heating-up curves were taken as approxi¬ 
mately straight lines (except for the slight increase in 



10 20 30 40 60 80 100 200 400 600 8001000 

W C ~ WATTS PER POUND 


Figure 3. Temperature rise versus watts per pound of coil 
stack with oil ducts 

Equation 6 ~ 1.38 V/ c 0 *® 


resistance with increasing temperatures) since there is 
very little, if any, dissipation of heat from the interior 
of the coil stack during the short periods of time under 
consideration. Also, both the temperature rises and cool¬ 
ing curves were based on the thermal capacity of both the 
copper and intervening insulations. The thermal capacity 
of oil-immersed fibrous insulations is, by volume, approxi¬ 
mately one-half that of copper. 3 

The cooling after load is removed was calculated by the 
standard cooling curve equation given in the first part of 
this paper. The size of conductor used in a closed type 
coil stack* on which tests were made to determine the 
curve of watts per pound versus temperature rise (for 
constant conditions) was 0.400 by 0.040 inch having 
0.021-inch two sides thickness of insulation. 

From the above 


W C 0.Q76 


P = 


A + & 


0.259 Wc 
do 


where a = 0.400 by 0.040 inch 
and A — 0.421 by 0.061 inch 


* Consisting of 19 coils with no oil ducts. 
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Figure 4. Various durations of 
loads and temperatures of oil- 
immersed windings (with coil ducts) 
to give approximately the same 
degree of aging of the insulation 

Initial temperature Ti = 25 degrees 
centigrade 

Formulas shown in figures 5 and 6 


The equation of winding rise for constant conditions 
was found by tests to be 

0 O ==18.25 

The cooling curve can easily be calculated by the general 
equation 6 t — 0 o e“^. 

The aging for a load attaining 160 degrees centigrade 
in one minute with a 25-degree initial temperature is ap¬ 
proximately 3,290,000 units. 

For a load attaining 152 degrees centigrade in 20 minutes 
the aging is approximately 3,000,000 units. 

If it is assumed that 160 degrees is safe for one minute 
for closed type coils, calculations (for 25-degree initial 
temperatures) indicate that the following temperature 
limits could be permitted for 5, 10, 20, and 30 minutes. 


Table III. Temperature Limits for Closed Type Coils 


Overload 

Time 

(Minutes) 

Degrees 

Centigrade 

1 . 

. 100 

5. 

... 158 

10 . 

. 1 KK 

20... 150 

30. I 4.5 



Since the aging in the above cases is in the order of 
3,000,000 units, it is roughly 7.5 times that of an open 
type coil stack with 25-degree initial temperature. 

It should be understood that the temperature limits ob¬ 
tained by the methods used in this paper are at best only 
a PP r oximations. Different designs will have different 
shapes of heating and cooling curves, although it is be¬ 
lieved that the kind of coils chosen for these calculations 
are fairly well representative of the type of coils used. 


However, these calculated values should be more de¬ 
pendable than values arbitrarily chosen without any sup¬ 
porting data. 

V. Life Expectancy 

The life of any neutral grounding device obviously de¬ 
pends not only on the temperature limits chosen but also 



Figure 5. Various durations of loads and temperatures of 
oil-immersed windings (with coil ducts) to give approximately 
the same degree of aging of the insulation 


Initial temperature Ti = 75 degrees centigrade 
T 2 = 160 and 149 degrees centigrade 

r € O- 088 r 2 gO-OSSr!*! 

A = t ° L 6.088 (7, - TDj 
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on the frequency of operation, which, of course, is un¬ 
predictable for this kind of service. 

The following formula has been given 1 for estimating 
the life of insulation when operating continuously at vari¬ 
ous temperatures: 

Y = 7.15 X lO 4 * -0 ' 88 * (4) 

where 

Y = life in years 

x =* temperature degrees centigrade 
e = 2.718 

Equation 4 gives the following years of life for 90, 95, 
100, and 105 degrees centigrade temperatures: 


Tabic IV 


Temperature 
(Deg. C.) 



Years—Life 
(Approximate) 

90. 



.26 

95. 



.17 

100.. 



.11 

105. 



.7 


If we choose 26 years as a reasonable life, this means that 
the equivalent of 90 degree continuous temperature should 
not be exceeded. 

By equation 2 the units of aging for 26 years at 90 
degrees is 

A = (26 X 365 X 24 X 60) e°* 088 * 90 
- 37,600,000,000 units 

With an initial temperature of 25 degrees the number of 
permissible operations per day would be (approximately): 

37,600,000,000 iA . , + 

---— — 10 times for open type coils, 

26 X 365 X 395,000 


These numbers of operations appear to be more than 
would ever occur under service conditions. 

Conclusions 

As a result of the study given in the paper the follow¬ 
ing conclusions have been drawn: 

1. These data should make it possible to establish fairly dependable 
temperature limits for short-time overloads for oil-immersed neutral 
grounding devices. 

2. For neutral grounding devices having open type coil construc¬ 
tion, where the time exceeds one minute, most of the aging of insula¬ 
tion takes place during the heating-up period. 

3. For neutral grounding devices having closed type coil construc¬ 
tion, most of the aging takes place after the overload is removed; 
that is, during the cooling period. 

4. For neutral grounding devices that carry no load, except during 
a fault, the temperature limits given in table III should be safe for 
standardization purposes. 


Appendix 

Derivation of equation 3: 

Let 

A = aging units 

T — temperature, degrees centigrade 
Ti * maximum temperature degrees centigrade 
Ti = some lower temperature—see figure 7 
t% = time in minutes 

When the aging doubles for each 8-degree increase in temperature, 
the exponential constant is 0.088. Therefore: 



T = Ti + (r 2 - Ti) f 
h 











A New Correlation of Sphere-Gap Data 


By D. W. VER PLANCK 

ASSOCIATE AIEE 


Synopsis: The similarity principle lor electrical discharges is used 
to correlate the most recent AIRE sphere-gap data fur both posi¬ 
tive and negut »vc impulses. Empirical formulas are developed from 
which the entire range of data can lx: calculated to within about 
1.5 per cent. Some practical results of this study are: 

1. Spark-over curves for each value of spacing to diameter ratio 
are straight lines when plotted to logarithmic scales, at least to within 
the certainty of the present data. 

2. A spark-over voltage chart covering the entire useful range of 
sphere sizes, spaeings, and air densities can he constructed easily 

3. New air-density correction factors are derived which differ 
appreciably from those previously published. 


Introduction 

T HE SPHERE GAP, widely used for measuring high 
voltages, is not au absolute standard; that is, its 
performance cannot be calculated from fundamental 
considerations. The standard calibration is bawd on 
measurements mainly in terms of low-voltage standards 
through the use of potential transformers or potential 
dividers. The curves for the eight standard sphere sizes 
are commonly regarded ns independent entities cadi 
relying for its accuracy on a separate testing program. 
Knowledge of an orderly relationship between the curves 
would fulfill a definite need. It is the purpose of tills 
paper not only to show that these is indeed such a rela¬ 
tion but that it is of surprisingly simple form. A direct 
calculation by classical electrostatic theory is not feasible 
because for air the puncture strength, or maximum gradi¬ 
ent just prior to spark-over, different for each electrode 
configuration and spacing, is known only through the 
reverse calculation from experimentally determined spark- 
over curves. Nor is the present knowledge of the physical 
mechanism of sparking sufficiently exact to form the 
basis for accurate calculations. Thus the sphere-gap 
calibrations are the result of direct experiments, although 
empirical formulas have been of considerable use in 
smoothing the data and for extrapolation. 

Of the empirical methods developed in the past the 
best known, due to Peek, 1 gives good results in the range 
for which it was intended, but, as might be expected, fails 
when used for extrapolation far outside this range, its 
basis is an empirical formula for the maximum gradient 
IMior to spark-over involving sphere radius and air den¬ 
sity, but not spacing as it probably should. When both 
spheres are insulated the spark-over voltage is calculated 
from this gradient by classical electrostatic theory, and 
when one sphere is grounded, by an empirical method. 

A pftpitr roconam ended for publication by Ui« AIBB committM m 

m&fiStT* p " rf “ or * v«i. 

1. For »II aumbwrf ntmtaeu, «* tint ttwd of jmpw. 

* 
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The AIEE standard air-density correction factors were 
calculated from Peek's gradient formula. 

Uellasehi and MeAuiey 2 have smoothed and extrapo¬ 
lated their data by making use of their discovery that for 
each constant ratio of sphere gap opening to sphere di¬ 
ameter plots of average gradient against the logarithm of 
sphere diameter are essentially straight lines for sphere 
diameters above 25 centimeters. Later Uellasehi* elabo¬ 
rated on tins method giving empirical formulas with 
numerical values for their parameters. 

The new method which is die subject of this paper, 
while empirical, appears to have a wider range of use¬ 
fulness and greater simplicity than methods published 
heretofore. It is based on the principle of similarity for 
electrical discharges, a principle well established in the 
field of physics, but whose power seems not to have been 
fully appreciated by engineers in this country. 

The Principle of Similarity 
for Electrical Discharges 

The principle of similarity for electrical discharges, a 
generalized form of Paschcn's Law, states that in a given 
gas "Geometrically similar systems will discharge at the 
same potential if the products of their leading dimension 
and mass of gas per cubic centimeter are the same; or the 
discharge potential is a function of the product of density 
and a dimension for similar systems.”* This law origi¬ 
nally deduced from, and since substantiated by direct ex¬ 
perimental evidence, the extent of which is mentioned 
below, lias also been shown by Townsend* to result from 
his theory of sparking os the result of cumulative ioniza¬ 
tion by collision. Applied to an isolated symmetrical 
sphere gap it means that the sparking voltage V depends 
only on the ratio of spacing to diameter {S/D), which 
specifies the geometry, and the product of spacing by air 
density (Si). Written symbolically this becomes 


F 


(*•!) 


CD 


Or alternatively if D instead of S is taken as "the lead¬ 
ing dimension,” the equation is 


■ (“■!) 


<*> 


Although the functions F and $ can be expressed only 
graphically or empirically, it is evident that the number of 
independent variables determining P is not three as com¬ 
monly thought, but two, the combinations 58 and S/D. 

For practical sphere gaps other ratios of dimensions 
describing the shanks and the position of the gap with 
respect to grounded surfaces should be included. How¬ 
ever, since little is known about the effects of these other 
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Figure 1. Lines for which S/D is constant 

Data from AIEE Revised Standards for Negative Impulse 

geometric ratios, except that in practice they are usually 
small, they are ignored here. Necessarily F and 3> depend 
on whether both spheres are insulated or one is grounded 
and if so on polarity as well. Except for density, whose 
primary significance in this connection is that it is in¬ 
versely proportional to the mean free path, other proper¬ 
ties of the air, such as its humidity, have no appreciable 
effect on V within the range of S/D used in measurement 
practice. 

Researches on the similarity principle for spheres are 
well summarized by Whitehead, 4 Thomson, 6 and Bowker. 7 
V has been shown to depend only on the product (Sd), 
with S/D constant, independently of 5, temperature and 
pressure. With hydrogen and nitrogen the temperature 
was carried to over 800 degrees centigrade at pressures 
from 0.25 to 2 atmosphere^ In air the law holds up to at 
least 300 degrees centigrade, and at room temperature 
from pressures of a few millimeters to about 10 atmos¬ 
pheres, above which there is a departure. The spheres 
used were small, from 1 to 2.5 centimeters in diameter, 
and S/D was usually less than 0.2 although in some cases 
as high as 0.5. Taking d = 1 for normal atmospheric con¬ 
ditions of 760 millimeters and 25 degrees centigrade, the 
maximum (Sd) attained was about 2. Of or which approxi¬ 
mately V = 60 kv. 


Table I. Parameters for Equation 3 

One sphere grounded: 2 < (Sd) < 200/ 5 < (Dd) < 200 


For Negative Impulse 
and 60 cycles 



.4. 

0.5..... 

0.6 . 

0.7. 

0.8 . 

0.0 . 

1 . 0 ..... 


.29.25... 

.28.55... 

.27.45... 

.26.21... 

.24.96... 

.23.69... 

.22.44... 


.917. 
..0.904. 
..0.895. 
..0.891. 

.. 0 . 888 . 

.. 0 . 886 . 

..0.885. 


For Positive Impulse 


K 


.30. 
.30.15... 
.30,10... 
.29.70... 

.29.00... 

.28.00... 

.27.00... 




Table II. Comparison of Calculated and Standard Spark-Over 
Voltages, Negative Impulse and 60 Cycles 


Upper 

figures 

are calculated/ 

lower 

igures 

are from 

AIEE Standards 9 

S/D 




D 






6.25 

12.5 

25 

50 

75 

100 

150 

200 

0.1.. 



. 71.3. 

.136.9. 

. 201. 

.. 203. 

. 385. 

.. 504 




. 72 . 

.136 . 

. 200. 

.. 261. 

. 383. 

.. 606 

0.2.. 


. 70.9. 

.136.0. 

.261 . 

. 382. 

.. 501. 

. 733. 

. 960 



. 70.8. 

.136 . 

.260 , 

. 380. 

.. 504. 

. 736. 

. 973 

0.3.. 

53.2. 

.101.5. 

,193.5. 

.369 . 

. 538. 

.. 703. 

.1,026. 

.1,341 


53.8. 

.100.6. 

.192 . 

.367 . 

. 528. 

.. 700. 

.1,040. 

.1,346 

0.4.. 

67.8. 

.128.0. 

.242 . 

.456 . 

. 662. 

.. 861.. 

.1.249. 

.1,626 


68.8. 

,127.0. 

.241 . 

.451 . 

. 653. 

.. 862.. 

.1,254. 

.1,635 

0.5.. 

80.0. 

,149.7. 

.280 . 

.524 . 

. 756. 

.. 981.. 

.1,415. 

.1,835 


81.0. 

.147.5. 

.278 . 

.519 . 

. 751. 

.. 985., 

.1,410.. 

,.1,857 

0.6.. 

89.6. 

.166.6. 

.310 . 

.576 . 

. 828. 

.,1,072.. 

.1,540.. 

,.1,992 


90.3. 

.164.5. 

.309 . 

.573 . 

. 827. 

..1,084.. 

.1,552., 

. .2,027* 

0.7.. 

97.6. 

.181.1. 

.336 . 

.623 . 

. 894. 

..1,155.. 

.1,657., 

,.2,141 


98.2. 

.179.5. 

.338 . 

.615 . 

. 890. 

..1,163.. 

.1,662., 

, .2,169* 

0.8.. 

104.2. 

. 

.357 . 

.661 . 

. 947. 

..1,222.. 

.1,752., 

. .2,263 


105.5. 


.362 . 

.651 . 

. 945. 

..1,234.. 

.1,760.. 

, .2,298* 

0.9.. 


. 

.374 . 

.691 . 

. 989. 

..1,276.. 

.1,828.. 

.2,359 



. 

.379 . 

.681 . 

. 992. 

..1,295.. 

.1,820.. 

.2,396* 

1.0.., 



.387 . 

.716 . 

.1,024. 

..1,321.. 

.1,892.. 

.2,440 




.393 . 

.707 . 

.1.025. 

..1,338.. 

.1,900.. 

.2,475* 


* Extrapolated by AIEE, not used in determining parameters. 


to find one that would be not too large and still include the 
desired range of variables, easy to read accurately, and 
easy to construct. 

In the course of this study it was discovered that, to 
within the certainty of the best data available, curves of 
V vs. (Sd) for constant S/D plotted to logari thmi c scales 
are straight lines over the entire useful range of sphere gap 


Correlation of the Data 

As a consequence ol the usual testing procedure, sphere- 
gap data are customarily presented as separate curves or 
tables of V vs. S, (5=1), for each size of sphere. Vari¬ 
ations in $ are taken into account by means of tabulated 
correction factors. Three independent variables S } D, and 
5 are thus considered in determining V. However, as 
shown here by tbe similarity principle, V is really a func¬ 
tion of only two independent variables, the combinations 
(Sd) and S/D. A function of two variables is not hard to 
tabulate, but it is even easier to show graphically on a 
chart. A number of forms of chart were tried in an effort 


Figure 2. Pa¬ 
rameters in the 
formula 

V - K(S5)« 

One sphere ground¬ 
ed/ both impulse 
polarities 

2 < (S3) <200 
5 < (Dd) < 200 
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Table III. Comparison of Calculated and Standard Spark-Over 
Voltages, Positive Impulse 

Upper figures are calculated; lower figures are from proposed AIEE 

standards 9 


S/D 


D 


6.25 12.5 25 50 75 100 150 200 


0.3... 54.1. ..103.2. ..196.8. ..375 ... 547... 715.. .1,043.. .1,364 


54.3. . .101.7. ..196 ...374 ... 548... 715.. .1,055.. .1,364 

0.4... 69.9. ..131.9. ..249 ...470 ... 682... 888.. .1,288... 1,677 

69.3. ..132.3. ..252 ...474 ... 687... 888.. .1,293.. .1,671 

0.5... 84.1. ..156.9. ..293 ...546 ... 787.. .1,020... 1,468.. .1,902 

81.8t» .158.0.. .296 .. .547 ... 786... 1,024... 1,453... 1,896 

0.6...330 ...609 ... 871... 1,123. ..1,607. ..2,073 

. 334 ...605 ... 870. ..1,124. ..1,697. ..2,069* 

0.7.360 ...660 ... 939. ..1,207. ..1,719. ..2,209 

.. .364 .. .655 ... 939.. .1,209.. .1,718.. .2,220* 

0.8.387 .. .705 .. .1,001.. .1,284.. .1,823.. .2,339 

.390 ...698 ... 999...1,284. ..1,824. ..2,360* 

0.9.407 ... .740 .. .1,048.. .1,342.. .1,902.. ,2,437 

.409 ...732 ...1,046. ..1,344. ..1,902. ..2,464* 

1.0....423 .. .766 .. .1,083.. .1,385.. .1,958.. .2,505 

...426 ...738t ...1,081. ..1,390... 1,944. ..2,543* » 


* Extrapolated by AIEE, not used in determining parameters, 
t Not used in determining parameters. 


testing. For examples, see figure 1. These curves are 
described by the empirical equation 

V - KtS*r (3) 

Where K and a are parameters depending only on the 
ratio S/D and the polarity. The variation of these para¬ 
meters with S/D is shown in table I and figure 2, for one 
sphere grounded and both impulse polarities. 

The source of the data for 60-cycle and negative im¬ 
pulse voltages is the partial revision of AIEE Standards 
No. 4 published in July 1936, 8 and that for positive im¬ 
pulse voltages is a part of the same revision as yet un¬ 
published. 9 The revision is based mainly on the extensive 
researches of Bellaschi and McAuley 2 and of Meador. 10 
Points at desired values of S/D not appearing in the 
tables were obtained from plots. Using values of S/D 
for each tenth up to 1.0, K and a were adjusted to best 
fit the data subject to the condition that curves of K and 
a against S/D should be smooth. A large scale logarith¬ 
mic plot was used to obtain preliminary values of K and a 
which were then refined by successive calculations using 
logarithms and a computing machine. 

The data used and the corresponding calculated values 
are shown together in tables II and III for the range of 


Figure 4. 
Agreement of 
Peek's low- 
density tests with 
AIEE Standard 
values for 5 = 1 
and with the new 
formula for S/D 
- 0.508 



conditions defined by (55) > 2.0; 6.25 < D < 200; S/D 
<1.0; and 5—1.0. As to accuracy, a comparison of the 
calculated values and the data for the 116 points given 
in the tables reveals that 83 agree to better than 1 per 
cent, 28 to between 1 and 1.5 per cent, and 3 to between 
1.5 and 1.9 per cent. Two values for positive impulse are 
disregarded entirely because they are so far out of line as 
to be almost certainly in error. 

When (55) < 2.0 calculations using the parameters of 
table I no longer fit the data so closely, the departure at 
(55) = 1.0, S/D = 0.1 being nearly 5 per cent. In this 
region the true curves to logarithmic scale depart appreci¬ 
ably from linearity although the curvature is still not great. 
In the range 0.4 < (55) < 2.0; S/D < 0.2, the formula 

V = 31.6(55) 0M (4) 

gives a good approximation to data collected by Schu¬ 
mann 11 for a uniform field, S/D = 0, and to the few 
AIEE data in this range. These data, equation 4, and the 
line for (55) < 2.0 and S/D = 0.1 are plotted for com¬ 
parison in figure 3. 

The data discussed so far are for values of (55) when 
5=1, that is for standard atmospheric conditions. Test 
data for 5 ^ 1 and (55) > 2.0 are not easily found in the 
literature. Some reported by Peek 1 for 12.5-centimeter 
spheres, one grounded, spaced 6.35 centimeters (S/D = 
0.508) at relative air densities down to about 0.5 are plot¬ 
ted in figure 4. There is close agreement between these 
points and the line defined by equation 3 with the para¬ 
meters for S/D = 0.508 read from figure 2. 



Sphere-Gap Spark-Over Chart 


Figure 3. Com¬ 
parison of formu¬ 
las for use above 
and below (S5) = 
2.0; S/D < 0.2 


The sphere-gap function, F in equation 1, can be 
mapped to the best advantage on a chart whose co-ordi¬ 
nates are V and (55) to logarithmic scales. Curves of V 
against (55) for constant 5/D, spaced at convenient inter¬ 
vals, are then, to the present certainty of the data, the 
perfectly straight lines whose parameters K and ct have 
been given. Curves of constant (D5) can be drawn 
through points easily located on the constant 5/D lines. In 
addition to Simplicity of construction the logarithmic scales 
give compactness together with constant accuracy for all 
parts of the chart. A chart for negative impulses and 60 
cycles is shown to a small scale in figure 5. 
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In working out settings from the chart the following 
rules are evident. For a given fixed gap with varying air 
density, changes take place along a line of constant S/D. 
For a particular sphere size at a particular air density, 
changes take place along a curve of constant (D8) as the 
spacing is varied. 

Air-Density Correction Factor 

For tests at relative air densities other than unity the 
standard table values of spark-over voltage, which are for 
8 = 1, 760 millimeters and 25 degrees centigrade, have 
heretofore been corrected by means of the multiplying 
factors given in AIEE Standards No. 4. These factors, 
which are identical with those calculated by Peek 1 and 
those recommended by the I.E.C. 12 are tabulated for each 
size of sphere and for 0.50 < 8 < 1.10. No account is 
taken of any effect due to changes in S/D , nor of polarity 
Since they are for 60 cycles. 

The method advocated here is based on the similarity 
law and contained in the chart, figure 5. For a given 
S/D the spark-over voltage for any 8 is read from the 
curve of V vs. (S3), which may have been found originally 
for some other 8. If a chart is not available, then with the 
aid of the empirical formula 3 the spark-over voltages of a 
particular sphere gap at two different densities are related 
by 

* -(xT s> 

The air-density correction factor for use with the stand¬ 
ard values is thus simply {8) a , and depends not on D but 
on S/D and the polarity. The new factors for each 
polarity and one sphere grounded are shown in table IV. 
That they should depend on the polarity of the unsym- 
metrical gap is not surprising when it is remembered that 



One sphere grounded; negative impulse and 60 cycles 


positive and negative discharges have distinctly different 
properties, A comparison with the present standard 
factors shows for negative impulses or 60 cycles the possi¬ 
bility of a maximum difference between them of about 1 
per cent at 5 = 0.9 increasing to about 5 per cent at 8 = 
0.5. In general, the direction of the difference depends 
on both D and S/D. When 8 < 1.0 the new factors for 


Table IV. Air-Density Correction Factors; One Sphere Grounded 

Where they differ, factors for positive impulse are printed below 


i 





2.0 < ( SS ) < 200 





0.4<(5<) <2.0 


S/D 0.2 and less 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

0.2 and less 

0.50. 

..0.521.. 

.0.524... 

_0.530... 

_0.634. 

...0.538. . 

0 589. 

...0.540.... 

...0.541.. 

.0.541 






0.536. 


.6.540. 

...0.550_ 

...0.551.. 


0.55. 

.0.570. 

.0.573... 

....0.579... 

....0.582. 

.0.585. 

,.0.680. 

...0.588.... 

...0.589.. 

.0.589. 






0.584. 


..0.593. 

...0.596.... 

...0.598.. 



0.60. 

..._0.618....... 

.0.621... 

_0.626... 

_0.630. 

.0.633 

0 634 1 .... 

...0.635.... 

...0.636.. 

,...,.0.636 

.. f . . r 9 flftft 





0.631. 


. . 0.640 . 

...0.643.... 

...0.644.! 

.0.646 


0.65. 


.0.670... 

.,..0.674. .. 

....0.678. 


. .0.081. . . 

...0.682.... 

...0.083.. 







0.679. 


..0.687. - 

...0.689.... 

...0.690.. 



0.70. 

. .0.715. . 

.0.717. .. 

_ 0.721. .. 

... .0.724. 

_ __ .0.727 

n rro . 9 L .. 

.. .0.729_ 

. ..0.729. . 

..... .ft 729, 






0.725. 


. .0,732 . 

...0.734.... 

...0.736.. 


0.75. 


.0.765. .. 

....0.768. 

.*..0.771. 


. .0.774 . 

...0.775.*.. 

...0.775.. 







0.772. 


. .0.778 . 

...0.780.... 

...0.781.. 

J...0.782 


0.80. 

. 0.811. ...... 

.0.813. .. 

.. . .0.815. .. 

i.. .0.817. 

...... .0.819 

n qOA 

, . .0.821. .., 

.. ,0.821. . 

.n 52i 






0*818. 


. .0.823. . - .. 

...0.824..,. 

...0.825.. 


0,85. 


.0.860... 

.. .'.0.862. .. 

....0,864. 


. .0.806. . . . . 

...0.866.... 

...0.866,. 








0.866. 

. .0.868. 

...0.869.... 

...0.870.. 



0:90. 

......0.906.. 

..0.907... 

.,..0.908... 

.0.909. 


. .0,911. 

...0.911.... 

...0.911.. 







0.910. 


. .0.912. .. .. 

.,.0.913- 

...0.913.. 



0.95. 


.0.953... 

.... 0.954... 

_0.954. 

.. __0.955 

a nRA ... 

...0.956.... 

...0.956.. 

......0 956. 

... ft 956 







. . .. 


0.957.. 



1.00. 

...... 1:000 . 

.1.000... 

i... 1.000... 

...1.000. 


1 000- - - ... 

...1.000...., 

...1.000.. 

... ...1.000. 

_.1.000 

1.05. 

.....1.047....... 

.1.046... 

....1.046... 

....1.045. 


1 .1.044-- 

...1.044..... 

...1.044.. 

.....1.044. 







1.044...*,. 

. .1,043. 

...1.043.... 

...1.043.. 



1.10.. 


.1.093_ 

.... .1.091_ 

...1.090. 


.1.089.- 

...1,088....; 

...1.088.. 








1,088. 

..1.087. 

...1.080. 

...1.085.. 
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6.25-centimeter spheres are smaller than the old over the 
whole range of spacing, while for 100-centimeter spheres 
they are always larger. The possible differences between 
the new positive impulse factors and those now in Stan¬ 
dards No. 4 are even greater, about 1.3 per cent at 6 — 0.9. 

Concluding Remarks 

The method given here for calculating the standard 
sphere gap spark-over voltages has an accuracy of better 
than 1.5 per cent, which is well within the tolerances in 
this field of measurement. AIEE Standards No. 4 
specifies an accuracy of 2 per cent for tests carried out in 
accordance with its instructions, while in the revised 
standards this figure has been increased to 3 per cent in 
recognition of the difficulty of attaining the ideal condi¬ 
tions in practice. 

It is possible that in many cases the new air-density 
correction factors are enough different from those now in 
use to materially reduce the discrepancies between the 
results of the various standardizing laboratories. 

It is suggested that future standardization tests be 
guided by the facts brought out here; that in accordance 
with the similarity principle the basic variables are S/D 
and (SB); and that with S/D held constant the relation 
of V to (SB) is a very simple one. Even though more 
precise tests may show the empirical formula 3 not quite 
exact, the curves of constant S/D to logarithmic scale 
must be so nearly linear that they can be firmly established 
using only four or five wisely chosen sphere sizes. 


List of Symbols 

V =* Spark-over voltage in kilovolts crest. 

D =* Diameter of sphere in centimeters. 

S = Spark-over distance between spheres in centimeters. 
8 ** Relative air density; unity for 760 millimeters and 

25 degrees centigrade 

K « Empirical coefficient depending on S/D . 
a « Empirical exponent depending on S/D. 

F, $ » Functions of unknown mathematical form. 
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Electrical Equipment (or Modern Urban Surface Transit Vehicles 


By S. B. COOPER 


Synopsis: This paper reviews modern urban surface transit de¬ 
velopments, traces the reasons for the changes, and outlines some of 
the problems involved and their solution. 

T HE CHANGING conditions that have produced such 
marked developments in public urban transportation 
vehicles during the past ten years have naturally 
brought about corresponding changes and developments 
in the electrical propulsion equipment. 

During the period from 1926 on, the increasingly serious 
competition from the private automobile and the gas bus 
made it more and more evident that the transit industry 
could not continue to compete successfully with these 
newer forms of transportation while still using the tools 
and methods developed during the previous decade with 
little change up to that time other than detail improve¬ 
ments. . 

The need became increasingly apparent about this time 
for vehicles which would do several things: 

1. Provide a faster, smoother ride. 

2. Provide a more attractive vehicle from the standpoint of pas¬ 
senger appeal—finish, seats, lights, quietness, etc. 

3. Reduce operating costs. 

These requirements led to a greatly accelerated rate 
of development in cars, trolley coaches, and gas electric 
busses, and in the electrical equipment for each of these 
vehicles. 

The first major efforts of this period in improvements 
in cars lay along the lines of: 

1. Reduced weight. 

2. Lower floors and steps. 

3. Reduction in unsprung weight. 

4. Reduction in noise. 

5. Improved braking. 

6. Increased acceleration. 

7. Automatic acceleration. 

8. Better appearance. 

These objectives led to a period of intensive develop¬ 
ment from 1927 to 1930 during which were introduced 
WN double reduction, single reduction, and worm type 
gear units, which in turn called for and made possible the 
300 Volt, high-speed spring-supported motor now ,so gen¬ 
erally accepted. New ideas were introduced along truck 
and body lines, largely to take advantage of features made 
possible by the new motor and drive developments. Also 

A. paper recommended for publication by the AIEE committee on transporta¬ 
tion, and scheduled for presentation at the AIEE winter convention, New York, 

N. Y., January 24-28, 1938. Manuscript submitted October 29, 1937; re¬ 
leased for publication November 3, 1937. 

S. B. Cooper is in the transportation department of the Westinghouse Electric 
& Manufacturing Company, East Pittsburgh, Pa. 
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the need for more rapid acceleration brought about the 
introduction of the variable automatic controls of differ¬ 
ent types—it being generally felt that the higher rates 
and the general adoption of one man operation made auto¬ 
matic acceleration very desirable if not essential. 

This period of intensive development, with aims some¬ 
times paralleling and sometimes in conflict, together with 
a growing realization of the urgent need for some degree 
of standardization, no doubt had a part in the organiza¬ 
tion during 1930 of the Presidents’ Conference Committee. 

Other papers deal with the history and accomplishments 
of this committee; suffice it to say that the results ob¬ 
tained in the past two and a half years fully justify its 
activity. 

Following the early period of investigation and research 
by the committee, the problem presented to the designers 
of electrical equipment was about as follows: 

1. To produce a 55-horsepower motor lighter and smaller than 
anything so far achieved. 

2. A control equipment which would permit automatic acceleration 
rates up to 4.75 miles per hour per second so smooth that even 
standing passengers would not be able to detect individual notches. 

3. The motor and control equipment to be so designed as to take 
the major share of braking duty away from the shoe on the wheel, 
and to be capable of producing in conjunction with the air-actuated 
wheel brakes and the magnetic track brakes smooth braking rates up 
to 4.75 miles per hour per second in service applications and up to 8 
or 9 miles per hour per second in emergency. 

Standardized mounting and housing arrangements were 
called for, with means for recovery of accelerating and 
braking resistor losses for car heating when required. 

Two different equipments are now available to produce 
these results. It is felt that detailed description of the 
apparatus and functioning is beyond the scope and pur¬ 
pose of this paper—these details are available to those in¬ 
terested. The electrical manufacturing companies have 
produced equipment fulfilling the objectives established 
by the committee. The 55-horsepower 300-volt motors 
weigh about 700 pounds each in contrast to 2,185 pounds 
for an axle-hung type motor of corresponding capacity. 
The motor barrel diameter is 15 # / 4 inches and the length 
over the housings about 25 inches. Figure 1 shows a 
motor of this type; such motor designs have been made 
possible by the use of high-temperature insulation, im¬ 
proved antifriction bearings, and perhaps most of all by 
developments in armature and commutator design and 
construction which permit peripheral speeds way beyond 
anything considered possible ten years ago. 

It happens that during the period from 1926 to 1930 
there was also a rapid and intensive development in a-c 
motors for steam-railroad electrification, leading up to the 
Pennsylvania electrification program of 1931. Many of 
the improvements, processes, and principles worked out 
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in connection with these a-c motors were found directly derstanding of the sources of and remedies for magnetic 
applicable to d-c motors as well. This contributed greatly noise. The use of skewed slots, or more recently, careful 
to the development of the light-weight high-speed motors selection of number of slots in combination with proper 
which we have today for cars, trolley coaches, and gas and pole shape and spacing, have both been found effective in 
oil electric busses. reducing or eliminating magnetic noises. Bearing noise is 

For instance the technique of application of antifriction of course largely a matter of proper control of bearing clear- 
bearings to railway motors underwent tremendous de- ances and lubrication. 

velopment during this period. The recognition of the The urge for smaller and lighter machines for a given 
necessity for careful choice and maintenance of adequate rating forced the designers years ago to look for insulating 
internal clearances in these bearings under railway motor materials which would stand operating temperatures be- 
conditions might be cited. The growing use of cylindrical yond the limit s of treated cotton insulation. This led to 
roller bearings is at least in part due to the ease and accu- the use of mica and asbestos in various forms, and tre- 
racy with which the internal clearance after assembly can mendous improvements have been made in the technique 
be measured. of manufacture and application of mica and asbestos in- 

The extreme importance of keeping lubricant in and sulation to railway motors. Unfortunately, both of these 
dirt out of these bearings has become more generally un- materials are natural products, found in only compara- 
derstood. The use of the steel labyrinth type of seal tively limited quantities in grades suitable for electrical 
without rubbing or wearing surfaces has aided greatly in insulation; like all natural products their characteristics 
the accomplishment of these objectives without the ne- are not uniform, and there is always the question of the 
cessity for frequent renewals due to wear on any type of ultimate exhaustion of available sources of supply. In 
rubbing surfaces at the high speeds used in these bearing addition, there are certain inherent limitations in these 
applications. Another important improvement in this materials that at least so far have not been entirely over¬ 
respect, especially from the maintenance point of view is come. For instance, both mica and asbestos are me- 
the use of “cartridge" type bearing construction which chanically weak and therefore require, for practical manu- 
permits the removal, storage, and replacement of com- facturing reasons, the use of certain carrier materials to 
plete armatures without opening the bearing enclosures add mechanical strength and stability during handling 
and the resultant risk of getting dirt into the bearings. and application. Mica, being inherently a flaky mate- 
The a-c motor development also added greatly to our rial, is usually built up on a paper or silk tape carrier, and 
knowledge on such subjects as permissible limits in arma- is somewhat difficult to apply satisfactorily to small 
ture-field ampere-turn ratios, pole widths and shapes, conductors. Asbestos tapes are necessarily built up with 
pole-tip shapes and spacings, etc., all of which has con- cotton or silk cross threads to give mechanical strength, 
tributed to a marked degree to the design of the d-c motor and there are certain definite limits in minimum thickness 
as well. below which asbestos insulation cannot be obtained. 

Noise reduction has become increasingly important; There has recently been developed a new material for 
noises in electrical machines can be generally grouped high temperature insulation which affords very great 
into three classes—windage, magnetic, and bearing. As promise^—glass tape. This is a fabric type tape woven 
the result of careful study, air paths and air foil shaping of from threads of spun glass. It has most astonishing flexi- 
surfaces directing air flow are better understood and bility and strength, can be made in almost any required 
proper attention to these details has resulted in marked thickness down at least to 5 mils and of course has wonder- 
improvement. Intensive research has led to a better un- ful heat resisting and dielectric properties. Being a syn¬ 
thetic product its properties can be closely controlled, and 
the raw materials from which it is made are available in 
almost unlimited quantities. It is now beginning to be 
used in these types of high-speed railway motors, and it 
holds great promise as a means of still further improving 
designs. 

A most important factor in the design and production 
of these small light-weight motors is the very large in¬ 
crease in limiting peripheral speeds of armatures and com¬ 
mutators as compared to previous practices. Here again 
the fundamental development work carried out on the a-c 
motor was directly applicable to these small d-c motors. 
It is not so very many years ago that 7,000 feet per min¬ 
ute on armatures and 5,000 on commutators were con¬ 
sidered top limits. Now we are going up to 12,000 and 
9,500, respectively. A number of factors are involved in 
this increase. Improved bearings and better understand¬ 
ing of bearing application, improved methods and mate¬ 
rials for banding and wedging, better methods of dynamic 
balancing, and perhaps most important of ali, very marked 
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Figure 1. Motor for PCC car 



advance in technique of design and building commutators 
have all contributed their share to the final results. 

Armatures of the type used in these applications are 
balanced to within 20 inch-square ounces. The two planes 
at which corrective balance weights are applied are 11 
inches apart, and the radius at which weights are applied 
is 4 1 /2 inches, so it can be seen that the limiting weight 
tolerance is about two-fifths ounce. 

Commutator improvements have been principally along 
the lines of better understanding of the forces acting on 
the bars at high speeds and temperatures, and the abso¬ 
lute necessity of maintaining a practically true cylin¬ 
drical surface throughout the entire range of operating 
speeds and temperatures. We have come to realize that, 
a very large percentage of our commutation and current 
collection problems are mechanical in nature, and to 
successfully meet them we must keep an intimate and 
continuous contact between the bars and the brush. 
When a real commutator expert speaks of a rough com¬ 
mutator he probably means one where the variation in 
radius from one bar to the next may be as great as four 
ten-thousandths of an inch. 

A commutator is made up of a steel spider and V rings, 
mica bushing and V ring insulation, and copper and mica 
bars. All these materials have widely divergent mechani¬ 
cal and temperature characteristics, and their behav¬ 
ior under repeated cycles of speed, heating, and cooling 
is decidedly different. Successful solution of the prob¬ 
lems involved requires the use of veiy high grade alloy 
steels for the bushings and V rings, extraordinarily careful 
selection and treatment of the copper and mica, and ex¬ 
tremely close control of and tolerances in the entire proc¬ 
ess of building and seasoning. Seasoning has been found 
to be an absolutely essential final step in commutator 
manufacture. Each one is put through repeated cycles 



Figure 2. Accelerator for PCC car control 
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of spinning under heat, grinding and tightening until the 
entire structures acquires the necessary mechanical sta¬ 
bility and the ability to “stay put” in service. 

While the subject of commutation is under discussion 
another related important factor should be mentioned. 
Under all conditions, but particularly at the high speeds 
here involved, commutator and brush performance and 
life are very seriously affected by the presence of dirt in 
the ventilating air. • 

Earlier ventilated railway-type motors drew their in¬ 
coming air directly from the space under the vehicle, with 
all the street dirt, wheel wash, and whatever else might be 
present. All this dirt and moisture is extremely bad for 
commutator and brush performance and life, and also 
for all the insulation in the machine. In the PCC car 
where partial or full skirting tends to carry the turbulent 
swirl of dirty air along under the car, it was felt that im¬ 
proved life and reduced maintenance of brushes, commu¬ 
tator, and coil insulation fully justified an effort to obtain 
relatively clean dry air for motor ventilation. Flat ducts 



are built into the body bolster just above the motors - 
Air is drawn into louvred openings at the outer ends of 
these ducts, outside the car skirt and practically at floor 
level. Flexible bellows connect these ducts to the motors. 

The marked reductions finally achieved in weight and 
size of these types of motors sometimes lead purchasers, 
to expect corresponding reductions in cost. From the 
very sketchy outline given abpve of some of the major 
problems of these designs and of their solutions, it must be 
clear that the reductions in weight and size have been pos¬ 
sible only by the substitution of higher grade materials 
and very great increases in labor and tool cost per pound 
of material used. Price per pound may under some cir¬ 
cumstances be a very useful index when applied to the 
same type of design and construction, but may be 
wholly misleading if radical differences in design and 
manufacturing processes are involved. 

An important part of the research work carried on by 
the Presidents' Conference Committee was an investiga¬ 
tion of the maximum rates of acceleration and braking 
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and the maximum changes of rate which could be com¬ 
fortably tolerated by standing passengers. These re¬ 
search tests disclosed some very surprising results, and in¬ 
dicated that rates much beyond those previously con¬ 
sidered possible were entirely acceptable, provided they 
were maintained sufficiently smoothly. Previously ex¬ 
isting forms of control varied from 8 or 9 notches in stand¬ 
ard K types to 14-18 in the then existing automatic types. 
These gave fairly comfortable accelerations at rates up to 
2.5 or 3 miles per hour per second except for an occasional 
“bump” at transition, but were too rough at accelerations 
higher than this. 

In an eight-notch K control, tractive effort increments 
of the order of 50 per cent of the previously existing value 
are quite common. In the earlier forms of automatic con¬ 
trol this was reduced to about 20 per cent. In the pres¬ 
ent controls developed for PCC cars the percentage in¬ 
crement in tractive effort per notch is far too small to be 
perceptible even to standing passengers. Experience 
has indicated that after the number of notches is increased 
to about 22, further increases add nothing to passenger 
comfort, and the selection of number of notches becomes 
entirely a matter of the limitations of the type of contact 
device selected. 

Actual street experience with the new cars has indicated 
quite definitely that it is possible for a street ear to acceler¬ 
ate and brake as rapidly as a private automobile in the 
hands of an expert driver, and more rapidly than an aver¬ 
age car in the hands of an average driver. 

The success of the control equipments developed for 
these cars may be ascribed to the use of sufficiently large 
number of notches to eliminate jerks or surges in the ac¬ 
celeration, to the use of actuating means sufficiently sen¬ 
sitive and responsive to maintain smoothly the pre¬ 
selected rates of acceleration and braking, and particu¬ 
larly to means provided to ensure prompt and uniform 
response of the equipment in dynamic braking. 

In one form of equipment the variable resistor device is 
called an “accelerator” (figure 2) and consists of a cylin¬ 
drical assembly of resistors, tapped at 97 points, each 
tap connecting to a spring finger. Successive fingers are 
pressed into butt type contact with a copper bus by the 
action of a roller cam carried on an arm rotated by a 32- 
volt pilot motor through a small worm gear. A sensitive 
vibrating contact type of limit relay controls the direc¬ 
tion and speed of the pilot motor, and thus controls the 
rate of change of resistance in the main motor circuits. 
The successive steps are so small in magnitude that in¬ 
dividual increments of tractive effort are exceedingly 
small—far too small to be evident to passengers. 

The limit relay setting is changed at the will of the op¬ 
erator by cams on both the brake and the master control¬ 
lers which are in turn actuated by the foot pedals (or 
handles on cars arranged for hand instead of foot control) 
at the operator’s position. Thus the one limit relay serves 
to regulate the automatic acceleration and the automatic 
dynamic brake, and also to control a function known as 
"spotting” which is further described below. 

The brake controller is actuated from the operator’s 
brake pedal and regulates all three forms of braking, dy- 



Figure 4. One-hundred-twenty-five-horsepower trolley- 
coach motor 


uamic, track, and air. It consists essentially of three 
parts mounted on a common shaft. A set of cam-actuated 
master-controller-type fingers establishes the proper con¬ 
trol circuits for the change from motoring to braking. A 
brush arm rotating around a small fixed commutator regu¬ 
lates the series resistance in the track brake circuit. The 
third element is a self-lapping type of brake valve. 
(Figure 3.) The first three inches of pedal travel varies 
the rate of dynamic braking from a very low minimum 
rate up to about three miles per hour per second. At 
the same time the air brake valve is set for a pressure 
corresponding to the dynamic rate, but this air is blocked 
off from the brake cylinders by a “lockout” magnet valve 
which is energized as long as dynamic braking is in effect. 
When the speed is reduced to thepointwheredynamic brake 
begins to fade out, the lockout magnet is de-energized and 
permits air at the pressure already established at the self¬ 
lapping valve to flow to the brake cylinders without con¬ 
scious action or further pedal manipulation on the part of 
the operator. The dynamic brake does not fade out sud¬ 
denly, nor does the pressure in the brake cylinders build up 
instantly. There is an appreciable and almost equal time 
interval for both of these functions. As a result, the blend 
from dynamic to air braking is normally exceedingly 
smooth and free from any sense of sharp change. 

Pressure of the brake pedal from 3 inches to & inches 
travel superimposes a graduated amount of track braking 
on top of the dynamic or air brake already obtained, so 
that rates higher than three to three and one-half miles 
per hour per second are obtained partially from dynamic 
and partially from track braking, with air coming in auto¬ 
matically as the dynamic fades out at low speeds. 

Depression of the brake pedal to the "full” or emergency 
positions cuts out the lockout magnet and gives full appli¬ 
cation of dynamic, track, and air brakes, with automatic 
application of sand to the rails. 

In the other form of equipment available, the variable 
resistor element consists of a special form of resistors with 
about 150 taps connected to the bars of a fixed commuta¬ 
tor. A brush arm is rotated around this commutator by 
an air engine, and an ingenious arrangement of transfer 
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contactors permits the use of this variable element twice 
during acceleration and four times during braking by 
switching fixed blocks of resistance in or out of the circuit 
in series with the variable element. In this equipment 
also a sensitive type of limit relay controls the rate of 
change of resistance both in motoring and in braking. 

In earlier forms of dynamic braking some difficulty was 
experienced in getting prompt and uniform response at 
various speeds at the time of application of braking. Dur¬ 
ing dynamic braking the motors are acting as series gen¬ 
erators, with voltage varying over a wide range from maxi¬ 
mum to minimum speed. In order to quickly establish 
a given rate of braking the value of resistance in circuit at 


radically different from previous practices in the street¬ 
car field, and while troubles have been encountered, none 
of them may be said to be of a fundamental nature, and 
all of them have been or are being overcome. At least two 
of the largestoperators have expressed themselves as having 
experienced less trouble with these cars than any lot of 
new cars they ever placed in service. 

Trolley-Coach Equipment 

The modern trolley coach may be said to have had its 
beginning with the Salt Lake installation in 1928. Its 
growth has been phenomenal—relatively slow at first but 



Figure 5. Trolley-coach control panel 


the time of brake application should therefore be definitely 
related to speed. For lack of a better name, the meant Q f 
accomplishing this has been called “spotting” and it is in¬ 
corporated in both forms of equipment, although some¬ 
what different methods of accomplishing it are used in the 
two schemes. In general, spotting establishes the correct 
value of resistance in the circuit, so that either braking or 
reapplication of power is promptly and smoothly estab¬ 
lished following a period of coasting. 

Early experience with certain of the experimental cars 
indicated the desirability of more than one form of storage 
braking, that is, independent of power supply. It was 
felt that the high speeds of which the new cars were to be 
capable could not be used effectively unless the operator 
was fully confident of his abilty to obtain good braking 
even with bad rail and with an interrupted power supply. 
This led to the development of a battery excited track 
shoe. The presence of a battery on the car for this pur¬ 
pose naturally led to the use of the battery for control en- 
ergy, so that in effect three forms of storage brake are 
available—in other words even with power off the line or 
the trolley off the wire, dynamic, track, and air brakes 
would all function. 

Die use of a battery required some means of charging. 
This led to the use of a motor generator set, which was then 
made to perform the additional functions of driving the air 
compressor and the 1,250-cubic-feet-minute blower used 
in conjunction with car heating and ventilation, as de¬ 
scribed in other papers on this program. 

It is evident that the electrical equipment as well as 
other features of the PCC car incorporate many features 
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now increasingly rapid. There are now in service or on 
order 1,270 trolley coaches in the United States in addition 
to “all-service” type vehicles which operate either as trol¬ 
ley coaches or gas electrics. 

The earliest motors used were 50 horsepower, but with 
increasing weights of coaches and increasing severity of 
service 65-horsepower motors weighing 785 pounds each 
became standard two on 40 passenger coaches and one on 
30 passenger. 

Control equipments of the variable automatic type have 
become pretty well standardized for two motor equipments 
and a simpler nonautomatic type for the 30 passenger sin¬ 
gle motor coach since these are generally used for lighter 
service in smaller cities where high rates of acceleration are 
not so important. 

Within the last two years there has been an increasing 
demand for lighter and simpler equipment for 40-passenger 
coaches (36 to 44). Development of a suitable single¬ 
bowl axle to handle the output of a single motor of suffi¬ 
cient size to give adequate performance on coaches weigh¬ 
ing from 17,500 to 20,000 pounds has brought about the 
development of such motors. There are now in service or 
on order in the United States 447 trolley coaches using 125- 
horsepower single-motor equipments. 

(Figure 4.) This motor rates 125 horsepower one hour 
rating and weighs 1,100 pounds, a weight of only 8.8 
pounds per horsepower. As in the case of the PCC car 
motor, this result is partly due to the use of high-tempera¬ 
ture insulation and improved designs of roller bearings, 
but principally to developments in design and manufac¬ 
ture of high-speed armatures and commutators. This 
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motor is particularly noteworthy in this respect as it must 
necessarily be designed for 600 volts while the PCC motor 
is wound for 300 volts, two in series on 600. 

Another feature of this equipment which makes the mo¬ 
tor design even more remarkable is the unusually wide 
spread between full field and short field curves. There has 
been a growing conviction for some time in the minds of 
certain operators that the period of constant-current ac¬ 
celeration is too short, i. e., that acceleration should be 
carried to higher speed before striking the short field motor 
curve. The new single-motor 125-horsepower equipment 
is supplied in two forms, one with a relatively small amount 
of field shunting, in a single step, and one with three steps 
of field shunting with a final shunting of over 50 per cent. 
With the latter arrangement constant-current acceleration 
is carried up to a speed of 25 miles per hour as compared to 
17 miles per hour with the single point shunting. This 
feature not only permits better schedules but is of great 
value in passing slower moving vehicles in the street. It 
also gives higher balancing speeds; while these higher 
balancing speeds may not often be reached on level rims, 
the entire speed curve is raised and on hilly routes higher 
speeds may be maintained on grades. 

The single-motor equipment, because of the absence of 
series-parallel control, has a slightly higher power con¬ 
sumption than the two-motor equipment. In many ap¬ 
plications it has been found that the increase in power cost 
is more than offset by the lower weight and cost, greater 
simplicity, and reduced maintenance and inspection cost 
of the equipment. In some cases, where unit cost of power 
is particularly high or for other reasons, the two-motor 
equipment may be preferred. Each case must be consid¬ 
ered on its own merits and the final selection made by the 
purchaser on the basis of his own conditions. 

(Figure 5.) The development of the single-motor equip¬ 
ment has brought about marked improvement in control 
equipments. These are now available in forms in which all 
the equipment except current collectors, motor, and resis¬ 
tor is mounted on a single panel, adapted for either side 
or rear pocket mounting, and completely wired at the fac¬ 
tory. This greatly simplifies installation by the coach 
builder, and inspection and maintenance by the operator. 

It has been found that because of the torque cushioning 
effect of the tires, a smaller number of notches than on cars 
gives equally smooth accelerations. The new equipments 
have 13 or 15 notches including one or three steps of field 
shuntin g. Automatic acceleration is universally used on 
40 passenger coaches. Marked improvement has been 
martp in simplification of the equipment by improved 
means of obtaining automatic progression. 

In one form of control now available, the progression is 
entirely by means of electrical interlocking and a sensitive- 
type limit relay. This has been made possible by the use 
of “split” operating coils having two sections—a “pull in” 
winding and a “holding” winding. This scheme greatly 
reduces the number of interlocks required, and along with 
the development of a more sensitive current relay removes 
the obstacles which originally made it necessary to depart 
from progression interlocking on small capacity equip¬ 
ments—i. e., our inability to put enough interlock fingers 
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on the relatively small contactors required for this size 
equipment, and the lack of a sufficiently quick response re¬ 
lay. 

Another form of control recently developed for single¬ 
motor coaches obtains its automatic progression by means 
of winding up a spring which drives a camshaft through 
an electromechanical escapement mechanism between the 
spring and the camshaft. 

Pnrnp 0 f the features worked out in connection with the 
PCC car are finding their place in trolley-coach practice as 
well. In some cases, accelerating-resistor losses are being 
used for coach heating; in others, definite provision is be¬ 
ing made to bring cleaner drier ventilating air to the mo¬ 
tors. 

The trolley coach is meeting with enthusiastic public re¬ 
sponse, and is proving itself a vehicle of very great value 
in that field between the heavy trunk-line route served by 
street cars and the lighter-service routes served by gas 
busses. 

Gas-and Diesel-Electric Bus Equipment 

Another interesting field for the application of electric 
propulsion equipment is the drive or transmission for gas 
and Diesel busses. It has been found that mechanical 
transmissions for large size busses in frequent-stop service 
are not altogether satisfactory. Frequent acceleration up 
to the limit of engine capacities imposes severe strains and 
heavy wear on transmission, clutch, and rear end, and the 
tnpHiatiiral labor, time lost, and roughness incident to fre¬ 
quent to gear shifting are serious disadvantages from the 
standpoint of operator and passenger. 

The development of the transit-type bus with rear com¬ 
partment or under-floor-mounted engines has tended to 
make the mechanical transmission problems more difficult, 
and the introduction of Diesel-type engines with their less 
favorable speed flexibility has also tended to emphasize the 
advantages of electric drive. 

Fundamentally and internal-combustion-type engine 
performs best as a constant-speed, constant-load prime 
mover. In urban transit vehicles the power and speed re¬ 
quirements are continually varying over a wide range. 
The problem presented to the electrical designer is to at¬ 
tempt to reconcile these conflicting characteristics of prime 
mover and vehicle. 

At starting the demand is for high tractive efforts at low 
speed, which electrically means high current at low voltage; 
as the speed of the bus increases the current demand gradu¬ 
ally falls off and the voltage rises, until at the balancing 
or free r unning condition, a low current at high voltage is 
required. It has been found that these requirements can 
best be met with a shunt generator with a moderately 
drooping voltage characteristic, so that the combined mo¬ 
tor and generator speed-tractive effort curve approximates 
a rectangular hyperbola—thus giving very nearly constant 
horsepower and constant speed loading to the engine. 
When starting from standstill with the engine idling, a 
email amount of battery excitation is applied to the shunt 
field to assist the generator in quickly picking up its load 
as the engine accelerates. This is cut off by a voltage re- 
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Figure 6. Gas-electric-bus generator 


lay, as over excitation of the field for too long a period tends 
to hold down the engine speed. The prompt pickup char- 
teristic assists in giving electric drive one of its major ad¬ 
vantages over a gear shift. With electric drive the engine 
speed is quickly raised from idling to full speed where it is 
maintained—thus giving full engine speed and horsepower 
throughout the acceleration period. This is in marked 
contrast to a shifting gear mechanical transmission, where 
each full start consists of three or four successive engine 
accelerations from idling to full speed, interrupted twice or 
three times by periods of declutching, shifting, and re¬ 
clutching so that the average engine speed and power dur¬ 
ing acceleration is materially below full value, with result¬ 
ant loss in over-all rate of acceleration. 

As bus sizes and weights increase and as service condi¬ 
tions become more severe as a result of increased traffic 
congestion and the application of busses to heavier-serv- 
ice routes, the tendency is toward larger, more powerful 
engines. The electrical designer is constantly being 
called on to provide equipment for larger engine capacities, 
but of course, is also under continually increasing pressure 
to produce smaller, lighter, and cheaper motors and gen¬ 
erators. Everything that has been said earlier in this pa¬ 
per about the advances in design and manufacturing pro¬ 
cedure applies to the machines for electric drive of busses 
with special emphasis, because electric drive is fundamen¬ 
tally heavier and more expensive than the mechanical 
drive which it replaces. 

In this connection it should be pointed out that, con¬ 
trary to beliefs apparently held in some quarters, electric 


ing generators, air compressors, etc., and that proper reduc¬ 
tion in power delivered to the generator be made. The 
particular carburetor type and jets with which the equip¬ 
ment is to be used should also be used in making dyna¬ 
mometer tests. 

Generators, motors, and control equipment are avail¬ 
able for a range of 110 to 180 horsepower in gross engine 
output, for both single-reduction and double-reduction 
axles. , Figures 6 and 7 show typical generators and motors 
for gas-or-oil-electric-drive applications. 

A partic ular ly interesting form of gas-electric bus is the 
“all-service” vehicle, developed and widely used on the 
Public Service Co-ordinated Transport in New Jersey. 
This vehicle is capable of operation either as a gas-electric 
or as a trolley coach. As usually built it has a single gen¬ 
erator and two motors. The motors are connected in 
parallel for operation from the generator and in series for 
operation from the 600-volt trolleys. This vehicle has 
obvious advantages of extreme flexibility—it may operate 
over parts of its route where either local ordinances or low 
traffic density preclude the use of overhead wire, while re¬ 
taining the advantages of trolley coach operation over 
heavily traveled sections of the route. It is also available 
for chartered or other service on unwired routes. 

The only essential difference in its electrical equipment 
from a straight gas-electric is in the requirement of opera¬ 
tion from 600-volt trolley, and the provision of current col¬ 
lectors and suitable changeover devices from engine to 
trolley operation. 

We have attempted in this review to give a picture of the 
recent advances in the design and manufacture of electrical 



Figure 7. Ga$-electric-bu$ motor 


drive can never put any more horsepower at the rear wheels 
than it gets out of the engine. Too often in discussing the 
performance to be expected from a given bus with electric 
drive, standard engine curves, taken under conditions 
vastly different from those which will exist with the equip¬ 
ment as installed in the bus are regarded as showing the 
engine output under operating conditions. It is impor¬ 
tant in predicting the performance of busses that account 
be taken of such items as auxiliaries—fans, battery charg- 


equipment for these public urban transit vehicles—not 
that these results are final—but rather as a survey of what 
has been done, and an indication of the direction in which 
further progress can be expected. 

Cities exist and will probably continue to grow—public 
transportation is an absolutely essential service and must 
continue to expand and its methods must progress. We 
confidently expect that electric propulsion will continue 
to occupy a vitally important place in this field. 
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Application of Modem Electric Vehicles to UrbanTransportation 


By C. M. DAVIS 

ASSOCIATE AIEE 


■■■HE URBAN transportation problem involves the 
I movement of large numbers of city dwellers to and 
I from work, school, or the shopping districts. These 
movements are frequently concentrated into a few hours 
in the morning and evening, and are handled largely 
through city streets, or, in the larger cities, on subway or 
elevated lines. The corporations handling this business, 
commonly called “mass transportation,” operate under 
franchises from local authorities. These franchises usu¬ 
ally specify minimum service over specified routes. 

Transportation by private automobile or in public taxi 
cabs involves a large number of vehicles for a relatively 
small number of passengers transported. It would be 
impossible for our larger cities to function without the 
organized transportation systems of rapid transit, street 
railways, or busses. Not only would the cost of daily 
transportation be greatly increased for the great majority 
of riders, but the cities themselves would have to be re¬ 
built, if highways wore to be provided of adequate ca¬ 
pacity to handle, in small capacity vehicles, the present 
users of urban transportation systems. 

What, then, is the ideal transportation system for our 
cities? It is one that will move the traveling public at 
the hi ghes t schedule speed consistent with safety; with 
a minimum of waiting time; with reasonable comfort; 
with the least interference with other traffic; and at the 
lowest cost, including fixed charges on the capital in¬ 
vestment, consistent with the foregoing requirements. 

Urban transportation is handled at the present time 
by*four classes of service — rapid transit lines operating on 
private rights of way, over or under city streets; surface 
street railways; trolley coach lines; and gas busses. Each 
has a proper field which is not only the most logical, but 
the most economical from the community standpoint, 
though easting systems do not in every case justify this 
assumption. 

In the small city, where the available traffic on any 
individual route is limited to 100- or 200 passengers per 
hour in the direction of maximum movements, which can 
be handled by small vehicles on 15- or 20-minute headways, 
the gas bus may be the logical type to use, since it involves 
a lower investment, and in some respects, lower operating 
costs than other forms of transit. Busses seating 20 pas¬ 
sengers and carrying ten standees, on 15-minute head¬ 
ways, can carry away from a given area 120 passengers 
per hour, and the installation cost per mile of route wffi 
be very small compared to other types of service. With 
the cheaper types of gas busses of thi s size, a route giving 
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15-minute service, may be equipped including garage 
facilities, for $3,000 to $4,000 per mile. When pioneering 
into new territory in small or medium sized cities, this is 

probably the logical equipment to use. 

However, routes in many cities are operated with such 
vehicles on long headways, where a more attractive serv¬ 
ice might substantially increase riding, and amply justify 
larger and more attractive units, more frequent headways, 
or both. 

Larger gas busses, seating 30, on 15-minute headways, 
could handle 180 passengers per hour, and would require 
an investment of $8,000 to $9,000 per mile of route, in¬ 
cluding spares and garage. On the same headway, 40 
passenger units can carry 240 passengers per hour, and 
will have an installation cost of approximately $12,000 
per route mile. 

But at about this point of traffic density, the trolley 
coach comes into the economic picture. These vehicles 
have a body and chassis similar to those of the highest 
grade gas busses, but instead of the engine, clutch, trans¬ 
mission, radiator, gas tank, and battery, they use electric 
motors and control and take their power from a pair of 
trolley wires, through poles sufficiently long to permit the 
vehicle to move 12 to 14 feet to either side of the wires. 
The simplicity and long life of tins type of equipment ef- 
fects lower maintenance and depreciation as compared 
with gas busses. Electric power is usually cheaper than 
gasoline. The overload capacity of its motors, an un¬ 
limited supply of power available, and the smoothness of 
its application make it possible to accelerate at rates far 
in excess of the most powerfully engined gas bus, and to 
make faster schedule speeds in frequent stop service. 

However, the installation cost of a trackless trolley 
system is much greater than one operated by gas busses. 
Its use involves a pole line carrying four trolley wires that 
may cost $5,000 to $10,000 per route mile to erect, and an 
investment in substation facilities of from 30 to 40 kw 
for e ach vehicle operated, costing $1,500 to $2,000. On 
15-minute headways, with 30 passenger vehicles, a trol¬ 
ley-coach system will have an installation cost per route 
mile about $6,000 higher than a gas-bus system, and with 
40 passenger vehicles on five-minute headways, the dif- 
ference in investment would be around $12,000 per route < 
mile in favor of the gas bus. 

But the economic life of the trolley coach should be 
appreciably longer than that of the gas bus, so its de¬ 
predation rate would be less. The line work may be as¬ 
sumed at five per cent or less annual depreciation, and 
the substation not more than four per cent. Even on 
this bads, the gas bus system will have an advantage in 
annual fixed charges for interest and depreciation of from 
$400 to $700 per route mile. This, however, amounts 
to but 0.6 cent to 0.8 cent per vehide mile operated. 
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On the other hand, operating records from companies 
using both types of vehicles indicate that, in the heavier 
classes of urban service, trolley coaches will save enough 
in equipment maintenance, power, and garage accounts 
as compared to gas busses in similar service, to much more 
than offset their higher fixed charges, and that they will 
attract more traffic by giving a smoother, quieter, more 
comfortable, and faster ride to users of the service. 

Cost of service, therefore, including fixed charges, 
will usually be lower for a trolley-coach system if vehicles 
seating 30 passengers or more are to be used on headways 
of 15 minutes or less. This is true for new routes. It is 
even more apparent when an existing street-railway route 
is changed over to rubber-tired vehicles, for the sub¬ 
station and much of the distribution system is already 
paid for and installed, so the excess cost of the trolley- 
coach system over gas busses will be much less than was 
indicated in preceding calculations, and the relative costs 
of service are more certain to favor the electrically pro¬ 
pelled coach. 

As an alternative, where physical, political, or financia l 
factors dictate the use of large-capacity motor busses in¬ 
stead of trolley coaches, the former may be equipped with 
electric drive, and obtain advantages in faster accelera¬ 
tion, and hence higher schedule speed, greater quietness 
and smoothness of operation, and a reduction in en gjne 
fumes. The electric drive consists of a generator directly 
connected to the engine, delivering power to a motor 
geared to the driving axle. Its use eliminates the clutch 
and gear transmission of the usual mechanical drive, and 
results in lower maintenance cost. It greatly reduces 
physical effort on the part of the driver, and provides a 
faster and more comfortable ride for the passengers. 

Diesel engines with mechanical drive, in frequent stop 
bus service, have developed many mechanical diffic ulties 
that are m inimiz ed or eliminated when electric drive is in¬ 
stalled. In fact, it appears that the successful employ¬ 
ment of Diesel engines in passenger busses in urban service 
is conditioned upon the use of electric t ransmissio n A 
number of such Diesel-electric busses have been put into 
operation in the past year, and they are showing such sub¬ 
stantial reductions in fuel costs, as compared to gas busses, 
that it is safe to say many more installations will be made 

One large transportation company has introduced a 
distinctly new type of rubber tired vehicle using electric 
drive. This is the so-called “all-service vehicle,” nearly 
500 of which are in service, and which is primarily a trol¬ 
ley coach, but equipped with gas-electric drive for routes 
where no trolley wires are available, for use on detours, 
or for excursion work on Sundays or holidays when not all 
of the fleet are needed on trolley routes. When beneath 
the wires, the two motors used on these vehicles are 
operated in series; when power comes from the engme, 
the two are placed in parallel across a low voltage gener¬ 
ator. They are normally operated as trolley coaches, 
but under certain conditions have greater flexibility than 
the straight electric coach. 

• Tlle standard type of 40-passenger gas busses, so far 
built in this country, can cany in rush hours, with reason¬ 
able comfort, not over 70 passengers, and probably cannot 


operate at less than 40 second headways without inter¬ 
fering with one another. This means a street capacity 
of 90 units per hour, carrying 6,300 people in the direction 
of maximum traffic. 

Trolley coaches, seating 40, where they are confined 
to city streets, are built to larger dimensions and wider 
aisles, and can carry loads 20 per cent to 25 per cent 
heavier, so on the same headways they might move 7,600- 
7,800 passengers per hour. 

Under such conditions, the investment required would 
be about $245,000 per route mile for the gas busses, and 
$275,000 per mile for the trolley-coach system. From an 
economic standpoint, a street-railway system would be 
preferable, despite the expense of track construction, 
which, in paved streets, may cost $100,000 per mil* 

A modem street car, seating 60, can readily handle 120 
rush-hour passengers, so 53 cars per hour could carry away 
the 6,300 assumed for the busses, and 65 per hour equal the 
capacity of 90 trolley coaches. The rail system would 
have a lower investment in vehicles, shop facilities, line 
and substation than the trolley coach, but the cost of 
track would bring the total investment required up to 
$320,000, 30 per cent above that of the gas bus, and 15 
per cent higher than the trolley-coach system. Due to 
differences in depreciation rates, the fixed charges on the 
three systems would be approximately equal. Operating 
costs on the rail system would be very much lower, due to 
the smaller number of vehicles, even though their cost 
per car mile would be appreciably higher. The total cost of 
service for the rail system, under these conditions, may be 
assumed as $22,000 less per route mile per year than the 
trolley coach system, and $35,000 less than the gas bus 
system, besides causing less street congestion for other 
vehicles using the street. 

As the density of traffic decreases, the advantage of the 
large-capacity rail car becomes less apparent, and to 
handle rush-hour traffic requiring 2-minute service with 
trolley coaches, or 3-minute service with rail cars, the 
costs of service are equal. Again, it might be pointed 
out that where tracks are already installed and in good 
condition, the economic dividing line between the rail 
and trackless service would be in a much fighter tr affic 
field. 

If the street railway be used to its maximum capacity, 
operating on the 40-second headways assn m p i- 1 for the 
busses, it could handle 10,800 people per hour in the 
direction of maximum movement, or three parallel streets 
with rail lines could handle as much as five parallel-bus, 
or four trolley-coach routes, leaving 33 per cent to 67 per 
cent more street space available for other traffic. The 
relative cost of service would be even more favorable to the 
rail than in the example to which we previously referred, 
despite an installation cost for the street railway of nearly 
$500,000 per route mile. 

The foregoing discussion is based on the use of the 
most modem type of large capacity street cars, equipped 
to operate at schedule speeds as high as even the trolley 
coach can perform. Such cars have been developed by 
the industry within the past three years and are operating 
in Brooklyn, Chicago, Washington, Baltimore, Pitts- 
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burgh, Los Angeles, and other cities. As compared to 
the slow and antiquated equipment that constitutes the 
bulk of the rolling stock in most cities today, any type of 
new vehicle, even gas busses, may be justified on economic 
grounds and earning power, but we believe that in many 
cases where gas busses have replaced rail service, it would 
have been better economics to use modern street cars or 
trolley coaches. 

Now we come to the only system that can handle the 
volume of traffic of our largest cities, the rapid transit 
systems operating on private rights of way. These are 
expensive to build, and their carrying charges are enor¬ 
mous, but so is their carrying capacity. The latest system 
of this type, the four-track municipal subways built and 
equipped by the New York Board of Transportation, is 
arranged to handle 11-car trains, each haying a capacity 
of 3,080 passengers, on 90-second headways, or 123,000 
passengers per hour on the express tracks alone. In¬ 
cluding the local tracks, the total one-way capacity is 
probably in excess of 180,000 per hour. The older Inter¬ 
borough lines, using smaller cars and shorter trains, now 
regularly carry 100,000 to 120,000 per hour at the peaks. 
Even the latter figure equals the capacity of 11 street 
railway routes, or of 19 streets filled with busses, and the 
municipal installation may, at no distant date, carry 50 
per cent more. Its cost for construction and equipment 
will probably average $12,000,000 per route mile, but 
high as this appears at first glance, it is very low in terms 
of community benefits compared to many other expendi¬ 
tures intended to expedite the movement of passenger 
traffic. 

Chicago spent $22,000,000 a mile to build a two-level 
river front marginal way, the well-known Wacker Drive, 
which has an effective capacity of 2,500 automobiles per 
hour in each direction, or perhaps 5,000 passengers. 
Fairmont Parkway in Philadelphia, Michigan Avenue in 
Chicago, and the Sixth Avenue Extension in New York, 
roads costing from $14,000,000 to $19,000,000 a mile, are 
other examples of city expenditures, of greater magnitude 
than subway costs, to provide faster movement for a 
relatively small number of people. 

The New Jersey State Highway from the Holland 
Tunnel to Newark Airport cost nearly $6,000,000 per 
mile to build. Its capacity for auto riders is about 4,500 
per hour in each direction, and if one lane in each direction 
were given over to busses, it would still carry less than 
10,000 people per hour, so 12 to 18 such highways would 
have to be provided to equal the subway usefulness. 

Many street widening projects have been undertaken 
in New York, Brooklyn, Detroit, Boston, and Pittsburgh 
to relieve vehicular congestion and to expedite traffic, 
that averaged $6,000,000 per mile, including condem¬ 
nation of property, and even so, the movement of vehicles 
through them is less rapid than that of the subway trains. 

No form pf surface transportation in metropolitan 
areas can approximate the speed of rapid transit trains. 
No possible expenditures can be made that will permit 
the movement of an equal number of people in small, 
individual vehicles, autos, or busses as fast, or as economi¬ 
cally as can the subway. 
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As compared to its nearest competitor in efficient 
handling of the heaviest traffic, the street railway using 
the most advanced equipment, the subway costs twice 
as much to build, as surface lines of an equal hourly 
capacity. If we neglect the cost of the street in which 
the rails are laid. On the face of things, it would 
appear that difference in first cost penalizes the users 
of the subway in high fixed charges. This is not a fact, 
however. Of the $12,000,000 referred to as the subway 
cost, only $3,000,000 or 25 per cent, went for cars, 
shops, tracks, power distribution system, signals, lights, 
etc., on which depreciation must be set up, and the 
other $9,000,000 went into real estate and construction, 
in other words, into nondepreciable items. Moreover, 
the depreciation rate on the track and on the cars is lower 
than for surface equipment, and calculations indicate 
that if both systems were financed by 50-year bonds 
carrying a sinking fund that would amortize the principal 
in that period, and adequate depreciation set up for both, 
the fixed charges on 11 surface lines would almost exactly 
equal that of the subway, which would be $850,000 per 
route mile per year. 

The operating cost of the rapid-transit system per car 
mile is less than that of the surface line, and very much less 
per passenger handled. While it is impossible for either 
the privately operated or municipal subways to show an 
adequate return on the investment on a five-cent fare, 
and some of the surface rail and bus systems appear to be 
doing so, the conditions are not comparable. 

The average rider p n the surface travels not over two 
or three miles. The average subway ride is at least four 
times as long. If the surface lines had to carry their 
passengers the same distances as do the subway trains, 
instead of picking up a series of overlapping loads, their 
revenue per car mile or bus mile would decrease in inverse 
ratio to the longer ride and would fail to equal their out- 
of-pocket operating expense, whereas the subways operate 
for between 50 per cent and 60 per cent of their passenger 
revenue. 

Aside from questions of operating economics, it would 
disrupt the business life of the community if those using 
public transport had to take two and one half times as 
long to get to work and return, which is about the ratio 
of schedule speeds on the surface to that of the subway. 

Density of rush-hour traffic to and from the business 
areas is the final measuring stick that should govern the 
type of transportation service in every community. It 
is generally agreed that for our largest cities rapid-transit 
lines, subway or elevated, are an absolute necessity to the 
proper functioning of the community life. In addition, 
there is every economic justification for retaining and re¬ 
equipping a very considerable amount of surface rail 
transportation in these cities, and the rail service should 
be supplemented with trolley coaches and gas busses. 

In the larger cities which are functioning without 
rapid transit facilities, it would appear that the modem 
rail car is still the most suitable vehicle for the heaviest 
traffic routes, but many existing rail lines should be 
changed to trolley coach operation. In many smaller 
co mmuni ties, even up to perhaps 500,000 population, it 
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is probably good engineering economics to gradually 
discard the rails and supplant them with trolley coaches 
and gas busses. 

In all cities large enough to require mass transporta¬ 
tion, it appears certain that electrically propelled vehicles, 


whether rail cars or trolley coaches, should be used for 
the great bulk of the service, having the ability to provide 
a faster, safer, more comfortable, and more economical 
form of passenger transportation than any other form 
now used in public service. 
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The PCC Street Car 

By C. F. HIRSHFELD 

FELLOW AIEE 


Synopsis: This car is the result of a collective effort to modernize 
and improve the street car. Its development was preceded by exten¬ 
sive investigation directed toward determining the characteristics 
of conventional cars and the ways in which and extents to which these 
should be modified to approach the ideals of street-railway execu¬ 
tives and of the riding public, respectively. Car and equipment de¬ 
signs were then produced. These represent the best technical ap¬ 
proach to these ideals which could be reached within the economic 
limitations which exist. The car has been made more agile, has 
been given better appearance and better performance in many re¬ 
spects which affect the passenger. In spite of the addition of equip¬ 
ment not used in the older cars and of many refinements of design 
it is obtainable at a price which appears to meet the economic re¬ 
quirements. Over 500 of these new vehicles are already in use in 
seven cities of this country. 


T HE VEHICLE which has become known as the PCC 
car is the product of several years of intensive re¬ 
search and development. The effort was initiated 
and sponsored by executives of leading street-railway com¬ 
panies. They realized the extent to which basic improve¬ 
ments in street cars had lagged behind the development of 
other vehicles available for both private and public trans¬ 
portation, and the undesirable effect this was having upon 
street-railway revenues. They believed that street cars 
must continue in use on certain routes and under certain 
conditions but they realized that the conventional street 
car fell far short of requirements. 

These executives formed Electric Railway Presidents’ 
Conference Committee as an instrumentality through 
which a modernized car might be developed. Abbrevia¬ 
tion reduced this lengthy name to Presidents’ Conference 
Committee and ultimately to PCC. 

The assignment given the engineering staff of PCC was 
to determine whether the street car could be improved 
radically and, if so, how. One of its first endeavors was 
the determination of what were considered the faults in, 
and shortcomings of the conventional cars; and the char¬ 


car operators and street-car users were consulted/ In fact, 
interviews were also had with individuals who might have 
been passengers but were not. 

One result of this investigation was the enumeration of a 
number of objectives of physical character. The princi¬ 
pal ones were: 

1. Great agility. This means ability to maintain high schedule 
speed in the face of frequent stops. 

2. Modem appearance. 

3. Low noise level, both inside and outside the car. 

4. Good riding quality. This refers to the absence of high-fre¬ 
quency vibrations, the absence of repetitive low-frequency move¬ 
ments of objectionable sorts, and the absence of jerks or jolts. 

5. Good ventilation. 

6. Good illumination. 

7. Minimum wear and tear of road bed. 

Another result of the investigation was an enumeration 
of certain economic factors within the limitations of which 
the desired physical characteristics had to be obtained. 
These economic factors were: 

1. Low first cpst. 

2. Low operating cost. 

3. Low maintenance expense. 

It is interesting to note that, as in the case of many of the 
older industries, little factual information of a technical 
character was available with respect to the performance of 
conventional equipment. The performance of representa¬ 
tive cars in different respects had to be determined in 
order to establish what may be called points of departure. 
Frequently it was even necessary to develop instruments 
and test methods. Outstanding examples are furnished 
by the problems presented in attacking such important: 
factors as riding quality and noise level. In a few cases 


acteristics which it was thought an ideally perfect car 
should possess. In this part of the investigation street- 

paper number 37-121, recommended by the AIEE committee on transportation' 
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1938. Manuscript submitted November 10,1037; made available for preprint* 
ing December 3, 1937. 

C. F. HntSBFBLD is chief engineer of the Transit Research Corporation, Detroit, 
Mich., and chief of Research of The Detroit Edison Company. 

1. For all numbered references, see list at end of paper. 


it was found desirable to experiment on human beings to 
determine certain characteristics as, for example, their 
tolerances for different kinds of motion. 

In the later design of new equipment the ideals deter¬ 
mined by these early investigations served as the goals to 
be approached as nearly as technical ability and economic 
considerations permitted. An account of the methods 
adopted and, to some extent, the degree of success 
achieved forms the bulk of this paper. 
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Great Agility 

It is well known that the schedule speed attainable with 
street cars operating with frequent stops is determined 
almost entirely by the number of stops, the average length 
of stop, and the speed of starting and of stopping. The 
maximum attainable speed is of little consequence except 
in the case of long, uninterrupted runs. 

The number of stops is a function of the passenger ca¬ 
pacity of the car and the characteristics of the route on 
which it is operating. Once the size of car is determined, 
the designer has practically no control over the number of 
stops. The designer can however control the length of 
stop to a limited extent. For example, ease of entering 
and of leaving the car naturally tend to speed up passen¬ 
ger movement and thus to decrease the length of stop re¬ 
quired to load or unload a given number of passengers. 

This has been recognized in this case. Steps have been 
made to approach the proportions used in houses and office 
buildings to the extent that certain limiting conditions 
permitted. Effective illumination has been provided for 
the stepwells and the adjacent street area so as to facili¬ 
tate mounting and demounting. Moreover, the illumi¬ 
nation is so arranged as not to produce glare in the eyes of 
the moving passengers. The flow of passengers into and 
out of cars was studied and the PCC design provides as far 
as possible for natural flow, that is movement along the 
lines most naturally followed by the passenger. The 
seating arrangement is such as to provide the maximum 
practicable amount of open floor space in the front half of 
the car so as to permit ready movement toward the rear 
and ready access to the central exit doors. Stanchions 
and handrails are so arranged that there shall always be a 
handhold of some sort within easy reach of any passenger 
so as to encourage passenger movement while the car is in 
motion. Moreover, the handholds are so arranged that 
they afford a convenient hold for persons of all heights. 
Every effort was made to shorten the time of stops by these 
and similar methods. However, at best, the possible im¬ 
provement of schedule speed by such methods is decidedly 
limited. 

The greatest possibilities lie in increased speed of start¬ 
ing and stopping. Anyone who has watched the conven¬ 
tional street car during its slow and deliberate start will 
have observed the way in which the more agile automotive 
vehicles glide ahead of it, pre-empt its track and hold it 
down to a sedate but unacceptable rate of progress. Any¬ 
one who has watched the operation of the car in traffic 
will have observed how the operator is continuously throw¬ 
ing off power and applying his brakes in anticipation of a 
possible collision or the approach to an intersection at 
which he must stop. If the street car is to make reason¬ 
ably high schedule speeds under modem conditions it 
must be capable of starting and stopping at rates compar¬ 
ing favorably with those of automotive traffic. 

All this is well-nigh axiomatic. But a very vital ques¬ 
tion presents itself when one has arrived at this point. 
How rapidly can a standing human being be put into mo¬ 
tion or brought to rest without excessive danger of acci¬ 
dent? When this work was undertaken no one seemed to 


know the answer. It was decided to determine the toler¬ 
ance of standing human beings for accelerating forces. 

The results of this investigation have been published 
elsewhere. 1 Suffice it to record here that experiments were 
performed on standing passengers who were not holding 
onto any form of support. It was found they could toler¬ 
ate the forces required to take them from a state of rest 
to an acceleration of 4.75 miles an hour per second in one 
second and to maintain the higher rate for two seconds or 
more. It was necessary only that the force be steadily 
applied; that is, there may be no marked and sudden 
variation in force during the entire process. 

Tests on conventional cars showed that the forces ap¬ 
plied to the passengers during acceleration fell far short of 
meeting this requirement, even when the automatic types 
of control were used. A variation of 50 to 100 per cent in 
very short time periods was not at all uncommon. 

A performance specification was prepared which called 
for a constant increase of acceleration from zero to 4.75 
miles an hour per second in one second, the maintenance of 
the higher value for two seconds and the maximum practi¬ 
cable approach to constant power input thereafter. After 
some experience this was modified to permit a lower rate of 
increase for a very short time at the start of the accelerat¬ 
ing process. It was found that this arrangement was 
more acceptable to the passengers. 

Equipment has been produced which approximates this 
performance specification very closely. It is now in use 
on over 500 cars in regular service in seven different cities 
and appears to produce results acceptable to the passen¬ 
gers. Certainly the car is much better able to take and 
hold its place in a stream of traffic. 

With the starting process settled, there remained the 
method to be used for stopping. Experience with experi¬ 
mental cars showed there was no value in quick starting 
ability unless equal or greater stopping ability were pro¬ 
vided. An operator would not avail himself of the ability 
to move fast unless certain that he could stop sufficiently 
quickly to avoid a collision with vehicles or pedestrians. 

The maximum braking rate attainable with wheel to 
rail adhesion is well known and was not found adequate. 
Consequently magnetic track brakes were included in the 
braking equipment. The braking force produced by these 
devices is obviously independent of the coefficient of ad¬ 
hesion between wheels and rails and may be made additive 
to braking produced by the wheels. 

The car is equipped with three different braking sys¬ 
tems. These are: dynamic brakes dependent upon the 
use of the motors as generators; air-operated wheel-tread 
brakes; and magnetic track brakes. A service stop is 
normally nfade with the dynamic brakes supplemented 
by the tread brake as the dynamic brake “fades.” At any 
time the operator can bring into use the track brake to in¬ 
crease the braking effect. 

Normal or service braking is almost the reverse of the 
starting sequence. The deceleration increases at a con¬ 
stant rate to a desired value. After that it is maintained 
constant for the desired period and finally is decreased at a 
constant rate to zero value as the car comes to rest. The 
maximum deceleration attainable is between 8 and 9 miles 
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an hour per second, depending upon rail condition and 
other variables. This has proved sufficiently high to 
yield safe operation and that feeling of security on the 
part of the operator which is necessary to the attainment 
of high schedule speed. 

Acceleration and braking are produced by foot pedal 
operation as in an automobile. The operator need not 
know how the pedals operate the control equipment. He 
need only know that further depression of either one of 
them produces more of the effect which that one controls, 
and that too sudden application or release of pressure will 
produce uncomfortable jolts. The mechanism is capable 
of giving smooth performance if properly maintained. 
The necessary manipulation is simple and easily learned. 

The balancing speed of the car is about 40 miles per 
hour. While of little significance in congested urban traf¬ 
fic, this speed is of value in the outlying districts where it 
can be used. 

Modern Appearance 

The airplane and the automobile have given the public 
certain ideas with respect to the appearance of an up-to- 
date vehicle. They have created what may be called a 
style. In the light of this style the conventional street 
car has a decidedly antiquated appearance and the public 
attributes antediluvian characteristics. It is obviously 
desirable that a modernized car should appear as such to 
the public which is expected to accept and patronize it. 

The car has been given automotive appearance with re¬ 
spect to the major lines and all obvious fittings and deco¬ 
ration. Front and rear vestibule hoods are formed of 
metal as in the case of the automobile, and to similar lines. 
The letterboard has been corrugated to break its flat ap¬ 
pearance and to produce an idea of motion. It runs by 
easy curves into the roof structure, just as the correspond¬ 
ing part does in the automobile. The windshield and the 
vestibule comer posts are enlarged versions of good auto¬ 
motive practice. The over-all height of the car has been 
materially decreased and a suggestion of “streamlining” 
has been introduced. The windows are arranged to pro¬ 
duce group effects and they have rounded comers. 

It is important to note that the matter of appearance 
was not treated separately. Innovations have been made 
with an eye to reduction in weight and to the production 
of a vehicle mechanically better adapted to its task. There 
should therefore be some lasting value in the changed ap¬ 
pearance. 

Low Noise Level 

m 

The greater part of the noise made by conventional 
street cars originates at the wheel-rail contact and at 
metal-to-metal contacts in the trucks. These noises are 
not only broadcasted at the points of origin but are also 
transmitted through the metal of the truck to the car body 
which in turn serves as a huge sounding board. 

The general principles adopted for the suppression of 
noise may be described as maximum practicable suppres¬ 
sion at the source and the minimum practicable transmis¬ 


sion from that source. The steel tire was retained of 
necessity. But it is supported in rubber within the wheel 
in such a way that noise generated at the contact with the 
rail is absorbed in that rubber to the maximum practicable 
extent. The truck is so designed as to substitute rubber 
articulation for metal-to-metal contacts. Thus wear and 
accumulation of lost motion, with resultant noise, are pre¬ 
vented and rubber is used to break the otherwise con¬ 
tinuous metal paths through which the sounds would be 
transmitted. The use of rubber in this way has been 
carried to the extent of eliminating steel car springs com¬ 
pletely and using specially designed rubber springs instead. 

These and other departures and refinements have both 
materially reduced the noise level and made the remaining 
noise of more acceptable quality. 

Good Riding Quality 

When this work was undertaken there was little infor¬ 
mation available with respect to the tolerance of human 
beings for vibrations of different magnitudes and fre¬ 
quencies, and oriented in different directions. An at¬ 
tempt was made to obtain sufficient information to serve 
as a guide in the design of a better car. The results have 
been published 2 ' 4 and need not be detailed here. 

Two types of vibration or disturbance came up for con¬ 
sideration. These may be called high frequency and low 
frequency although there is no sharp demarcation. The 
high-frequency disturbances are practically all in the au¬ 
dible range; that is above 20 to 25 per second. The low- 
frequency disturbances are of the order of 0.2 to 5 per sec¬ 
ond. 

Space does not permit a lengthy explanation nor a de¬ 
tailed account of the methods used to bring about accept¬ 
able conditions. The high-frequency vibrations were al¬ 
most completely eliminated by abandoning the use of the 
conventional leaf spring and substituting the rubber spring 
referred to above; and by designing certain parts of the 
structure stiffer than had been customary. The lower- 
frequency vibrations and disturbances of an objectionable 
sort were minimized by the design of the springing system 
and by a radically new method of suspending the axle in 
the truck. 

The results obtained have been checked by adequate 
instruments throughout the entire development. There 
is therefore no question regarding the extent of the im¬ 
provement. Recording accelerometers adapted to meas¬ 
ure accelerations in the three principal directions show 
the floor of this car to vibrate very little, through very 
small amplitudes, and at very low frequencies. Such move¬ 
ments as do occur are characterized by low accelerations 
so that the record is a wavy instead of a jagged line. The 
conventional cars give very jagged records, showing nu¬ 
merous high and low frequencies of large amplitude super¬ 
posed so as to produce “beats 1 ’ which further aggravate 
the situation. 

Closely associated with good riding quality is reasonable 
freedom from jolts caused by operation of motor control 
and of brakes. This has been referred to above. The 
equipment provided is such that a moderately careful 
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operator can produce remarkably smooth operation with- and louver types of lighting fixtures have thus far offered 
out having to possess exceptional skill. the most satisfactory solutions. 

The second difficulty arises from the fact that the human 
Good Ventilation eye adjusts itself rather slowly when one goes from an 

area of high illumination intensity to one of low intensity. 
The ventilating and heating arrangements are combined Every passenger must ultimately alight from the car. 
into one system. Motor and brake control resistors are If this involves stepping into a poorly illuminated street 
enclosed in a compartment under the center of the car from a brightly illuminated car the passenger is tem- 
where they are protected from the weather. A motor- porarily almost incapable of seeing sufficiently clearly to 
driven fan blows over these resistors the quantity of air guard against accident. The intensity chosen, combined 
required to maintain them at a safely low operating tern- with a reasonably high illumination of the street surface 
perature. During the heating season more or less of this outside the exit door by means of car lighting, appears to 
air, as required, is blown into the car after being warmed be within safe limits, 
by passing over the resistors. What is not needed to 

maintain the car temperature is wasted through thermo- M inimum Wear and Tear of Road Bed 
statically controlled dampers. 

The air handled by the fan is drawn from the car interior The action of a rolling vehicle upon a road bed is not 

through ducts which form part of the car structure. This yet completely understood in a technical sense. It is 
air enters the car by different routes. Part of it enters by known that the wear and tear increases with increasing 
leakage around doors and at other places. Part of it en- weight of the unsprung parts and with increasing weight of 
ters through a roof ventilator so designed that the quantity the vehicle, all other things being equal. It is also known 
passed increases with car speed. During the heating that it increases at a rapid rate if the assembly of masses 
season part of it is blown in by the fan as above described and springs happens to be resonant to a frequency that 
and is in reality recirculated. can be imposed by the road bed, as for example rail joints 

The total quantity of air passing through the car in- or pavement joints. It is also known that violent move- 
terior varies with conditions. The minimum aimed at is ments of the vehicle, such as “nosing” and “galloping” 
1,200 cubic feet per minute. This is, in fact, a very gen- tend to rapid destruction of the road bed. 
erous supply when considered in terms of building ventila- In the present case all these facts were taken into con- 
tion. sideration in the design of the vehicle. The completely 

unsprung weight consists of the wheel tread combined with 
Good IUtunmation part of the disk of the wheel whereas in the conventional 

car it consists of the entire axle assembly and a large frac- 
IUuminating engineers have consistently urged greater tion of the motor. The weight of the trucks, including 
intensity of artificial illumination in the interest of less eye the rather heavy magnetic track brakes, is somewhat less 
fatigue and greater health. Vehicle illumination has com- than that of conventional trucks without such brakes, 
monly been of the order of 2 to 5 foot candles on the pas- The weight of the complete vehicle is 33,000 pounds against 
senger’s reading plane. Office illumination has seldom figures of the order of 38,000 to 45,000 for the later cars of 
been greater than 10 foot candles on the table or desk top conventional design. It is believed that refinement of 
although recent installations have shown a tendency design may bring the weight to a figure nearer 30,000 
toward at least doubling this figure. pounds. The present weight is achieved with steel con- 

Recognizing that the public of this country reads ex- struction. If the economics of the situation should in¬ 
tensively while riding and that at best there will be a cer- timately show that the extensive use of lightweight alloys 
tain amount of uncontrollable movement of the printed can be justified, the total weight could be reduced dras- 
surface with respect to the eye, it seems reasonable to con- tically; in fact a reduction of two to three tons is not 
dude that a high degree of illumination should be provided inconceivable. 

in mass transportation vehicles. A value of 15 foot can- Resonance and violent movements have been mini - 
dies on the reading plane of the seated passenger was mized by careful attention to the dynamics of the as- 
chosen in this case, with provision for raising it to 20 if sembly and by certain innovations in truck design, in- 
later found desirable. duding the new suspension of the axle in the truck re- 

Two difficulties are encountered when attempting a ferred to above, 
high intensity of illumination in a street car. First, the 

ceiling is necessarily low and it is difficult to install thereon Economic Considerations 
or therein sources of ihumination capable of giving the 

desired standard of lighting without producing at the same It has been stated that the technical improvements 
time most objectionable and nerve racking glare. This that have been reviewed briefly in the preceding para- 
difficulty has been at least partly surmounted by the graphs had to be achieved within certain economic limita- 
devdopment of new types of fixtures and methods, tions. Obviously a technically perfect car would be of no 
Completely indirect lighting is capable of producing a value to the industry if it did not also possess such char- 
teehmcally satisfactory result but it is undesirably expen- acteristics as to make it economically usable. The fol- 
sive both as to first cost and as to operation. Lens types lowing paragraphs are devoted to these economic factors. 
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Low First Cost 


The street car is only one of several types of vehicle 
available for mass transportation. Each type has cer¬ 
tain physical and economic characteristics which deter¬ 
mine its proper place in a well-co-ordinated transporta¬ 
tion system. The street railway is operated on and with 
structures which necessitate a considerable investment; 
fixed charges therefore are very significant in its economy. 
Its compensating advantage is that where traffic density 
is sufficiently high the unit cost of handling passengers is 
lower than in the case of any other form of surface trans¬ 
portation. Thus the economic field of the street car under 
given circumstances and in comparison with other public 
vehicles, such as busses, is circumscribed by the extent to 
which fixed charges can be limited. It follows that low 
first cost of vehicle is particularly important. 

Much serious thought was given to the possible means 
of obtaining low first cost because it was known that a car 
which would give the desired performance would require 
more equipment and greater refinement of design than 
previously had been used in this field. That is to say, the 
problem was to develop a much better car saleable at a 
lower price. Experience in other industries pointed to 
standardization as one possible means. Here, however, 
further difficulty was injected by the very real physical 
differences and the limitations which exist upon the street 
railway properties in various cities. It is only necessary 
to mention by way of illustration the different track gauges 
in use and the limitations on external contour which re¬ 
sult from unchangeable clearance conditions on the. in¬ 
dividual properties. 

This phase of the problem was attacked by standard¬ 
izing parts and sub-assemblies which, within limits, could 
be . assembled to produce the different vehicles required 
by different cities while retaining most of the economics 
of standardized production. Thus, the body between 
corner posts is a standardized assembly usable without 
change on nearly all properties in this country and Canada. 
The front and rear vestibules are each standardized and 
are usable on all properties. A car made of the stand¬ 
ardized body and these vestibules is usable on most prop¬ 
erties. It is known as the 'basic car.” This has an over-, 
all length of 46 feet. 

A .property requiring a shorter car obtains it by drop¬ 
ping out one window panel. This shortens the car by 30 
inches. A property requiring a longer car obtains it by 
putting a filler piece between one vestibule and the adja¬ 
cent end of the car body. Such modifications of the 
basic car are already in use. 

The' standard arrangement is front entrance, center 
exit. It was known that other arrangements would be 
required on certain properties, including an additional 
fear exit door in one case. The structure is so designed as 
to make such modifications possible at minimum cost. 

The truck presented a more difficult problem than did 
the car body. Track gauges in use vary from three feet 
six inches to five feet four and one-half inches. The first 
attempts to produce a truck design embodying the prin¬ 
ciples which had been found necessary, and still easily 


modifiable to fit all track gauges, were not completely sue-' 
cessful. A design was evolved which could be used with 
very minor modifications on standard and wide gauges. 
Later a second and more flexible design was developed. 
This is now in use on one narrow gauge property. It can 
be modified very simply to adapt it to any track gauge. 

As the solution now stands, the same major parts can 
be used in trucks of any gauge. Certain minor modifi¬ 
cations are required. For example, the lengths of axles 
and of axle housings must vary with the gauge. However, 
the variations necessary in different parts are of such char¬ 
acter as to entail a minimum of expense. 

The method of standardization adopted has worked well 
in practice. Cars have been purchased at prices which 
make them economically usable in spite of the addition 
of many items and of the refined construction required to 
obtain the improved performance aimed at. 

Low Operating Cost 

The two principal factors in operating cost are platform 
labor and power. Probably the next most important 
factor is the cost of accidents; if that be included under 
this heading. 

Provision has been made for reducing platform labor 
cost to a minimum through two factors, namely, providing 
for increased schedule speed and by designing the car for 
one-man operation. This does not mean that it was 
merely arranged for such operation; it was designed to 
make it possible for one man to perform all required func¬ 
tions with the maximum of convenience and the minimum 
of fatigue. Included in these provisions are foot operation 
of the car with respect to power and brakes; a comfortable, 
well placed and adequately adjustable operator's seat; 
a well ventilated and properly warmed operator’s position; 
a conveniently located gang switch controlling all auxiliary 
functions, and numerous other details. 

The power consumption per car mile is greater than 
that of the conventional car. The greater agility de- ; 
manded brings this about as an unavoidable consequence. 
In addition, the requirement of maximum smoothness 
during acceleration further increased the power consump¬ 
tion through the elimination of the commonly used series- 
parallel type of control. The philosophy back of this 
step is that the performance of the car must be made ac¬ 
ceptable to the public. If such performance requires 
increased power consumption the car must carry this 
burden. Should it prove economically unable to do so it 
no longer has any place on the street. 

The increased power consumption is, however, offset 
more or less perfectly by the use of control resistor heat for 
car heating. In this way the annual peak demand is rela¬ 
tively reduced and, under the form of contract on which 
most street railways buy power, its cost is correspondingly 
reduced. It remains for experience to show to what ex- 
tent this balances the increased power consumption. 

It is still too early to draw conclusions with respect to 
accident hazards. The cars now in use are comparatively 
new instruments with characteristics quite different from 
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those of their predecessors, but operated by men who were 
trained in the use of the older equipment. It is however 
certain that the use of the magnetic track brake has made 
stopping much more independent of the condition of the 
rail and has thus reduced one well-recognized hazard. 

Low Maintenance Expense 

It is almost axiomatic that “wear and tear” tends to in¬ 
crease with speed. However, it is not necessary that they 
do so, in an absolute sense. One may so design that main¬ 
tenance is lower at high speed than with other designs at 
low speed. This has been attempted in this case. 

The body of the car is a completely welded structure 
so that it acts as a unit in contrast to riveted structures 
which sooner or later act as a rather loosely knit assem¬ 
blage of parts. Collision experience had thus far appears 
to prove that this body suffers less damage and is more 
easily repaired than was the case with the older type of 
structure. 

Moreover, the body is made of an assemblage of stand¬ 
ardized and interchangeable parts, just as is an auto¬ 
mobile. Therefore, replacement parts may be both rela¬ 
tively cheap and relatively cheaply installed. 

Most of the electric and other moving equipment is 
enclosed in ventilated compartments so that it is pro¬ 
tected from the weather and given the best chance for 
uninterrupted operation. All this equipment is stand¬ 
ardized and arranged for easy removal and replacement 
by similar parts. To a great extent the mounting di¬ 
mensions of competitive makes of equipment are stand¬ 
ardized. It follows that in many respects maintenance 
can be performed by replacement of a piece of equipment 
with an equivalent piece so that the primary investment 
can be returned to service immediately. The equipment 
which has been removed can be transported to a bench 
arranged for the easy and cheap performance of the nec¬ 
essary maintenance operations. 

Propulsion motors are supplied with ventilating air 
which is taken from outside the sides or the car, carried 
through ducts within the car-body bolster structure, and 
delivered to the motors through bellows connections. In 
this way much of the dirt that ordinarily finds its way into 
street-car motors is excluded. The maintenance require¬ 
ments should be correspondingly reduced. 

The trucks of street cars are generally responsible for 
high maintenance costs if they are adequately maintained. 
The new trucks were designed to reduce maintenance re¬ 
quirements and to simplify the performance of such main¬ 
tenance as is required. It has already been indicated that 
relatively moving metal-to-metal contacts have been 
avoided in so far as practicable. Where they are ab¬ 
solutely essential, as in journal bearings and gears, pro¬ 
vision is made for flooded lubrication and the proportions 
are calculated for a life of 750,000 miles. In many cases 
necessary articulations are made by means of rubber so 
arranged that distortion of the rubber within very con¬ 
servative limits permits the necessary relative movements 
of metal parts. The principle followed in the use of 


rubber is to have all parts with respect to which relative 
motion is required literally float in rubber. 

The trucks are so designed that they consist of an as¬ 
semblage of standardized and interchangeable parts, 
readily removable from the assembly as integral units. 
The favorable effect upon maintenance is obvious. 

Finally, as already indicated, the trucks are mounted on 
resilient wheels. Experiment in the laboratory and on 
regular street-railway equipment in the street showed 
that this type of wheel reduced tremendously the destruc¬ 
tive forces to which the parts of the truck are subjected. 
In spite of this fact, all truck parts have been designed for 
operation on conventional solid wheels, so that the resul¬ 
tant high factor of safety should be effective in minimizing 
maintenance expense. 

Such figures as are available to the author indicate that 
in spite of all the radically new features in car body and 
trucks and in spite of all the unforeseen and unforeseeable 
errors that enter into the design, manufacture and use of 
new equipment of this sort, the maintenance expense on 
these cars is now of the same order of magnitude as that 
of the older cars in spite of their higher schedule speeds and 
in spite of the lack of experience in handling them on the 
part of both operating and maintenance personnel. This 
gives ground for the belief that when initial errors in de¬ 
sign and fabrication are eliminated, and when the per¬ 
sonnel involved becomes more familiar with this equip¬ 
ment, the maintenance expense will in fact be consider¬ 
ably lower than that characteristic of the older forms of 
rolling stock. 

Such, in brief, is the history and status of development 
of the PCC car. It certainly represents both a major 
technical and economic advance over the conventional 
vehicle previously available. Even so, it must be con¬ 
sidered only one more link in a practically endless chain 
of improvement. The heads of those who produced this 
product are already filled with visions of the further steps 
that might be taken. The present product is in reality a 
modernization and refinement of the older vehicle; radi¬ 
cal in a few respects but still adhering fairly closely to the 
conventional. There is good reason for believing that 
much more radical changes are not only possible but would 
be economically valuable. 

To the author, this development is interesting chiefly 
because it demonstrates the dollar value of the research 
method in an old and apparently completely developed 
line of endeavor. Now that the door to new designs has 
been opened, lengthy vistas, extending far into the future 
and apparently filled with promise, have come into view. 
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A New A-C Network Analyzer 


By H. P. KUEHNI 

ASSOCIATE AIEE 

Introduction 

W HEN POWER systems were relatively small and 
simple, frequently comprising only one generating 
station with a radial distribution system, there 
was little need to study the effect of a proposed addition or 
change on an existing system. The growth and in recent 
years the interconnection of power systems have brought 
with them an increased quality of electric service and 
divers new devices for maintaining that service. In a 
power system of the size and complexity of many of those 
now in operation, many of the component parts inher- 
ently have the ability to profoundly affect the successful 
operation of the system. Consequently, it has become 
necessary for engineers to study their systems much more 
critically and to know a great deal more about them than 
heretofore. Fortunately, the technical background for 
such critical studies has kept pace with the increase in size 
and complexity of power systems. However, the calcu¬ 
lations which constitute a large part of the work of making 
such a critical study, when carried out by long hand 
methods are generally laborious—frequently, sufficiently 
laborious to greatly curtail the scope of the study and at 
times to prevent the study being made altogether. 

To simplify and shorten the work of making calculations 
of this sort, the a-c network analyzer has been developed. 
It is a tool which in the hands of a competent engineer 
becomes a very valuable aid in analyzing the performance 
of systems and apparatus. Moreover, a much more com¬ 
plete analysis of a power system and the interrelated per¬ 
formance of its component parts may be obtained from the 
analyzer data than can be gathered from actual system 
data and operating reports, which must of necessity be in 
some degree incomplete. 

The analyzer affords a quick and effective means for 
studying major system disturbances in order to check and 
correlate available field observations, to determine what 
probably occurred, and to compare suggested remedies. 
It is useful also for observing in “slow motion” the se¬ 
quence of events during abnormal system operation. 
Periodic checks with it of normal system operation and of 
operating instructions frequently show important changes 
brought about by the shift and growth of loads. Further¬ 
more such checks often afford explanations for unusual 
observed operating phenomena. The comprehensiveness 
of the picture secured with the help of the analyzer of all 
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the many factors which enter into the solution of a problem 
and which must be accurately weighed in fashioning its 
solution has created a feeling among those who have used 
the analyzer that all changes and additions to power sys¬ 
tems involving major expenditures could profitably be 
critically studied with it. 

From the historical point of view some of the first 
attempts to study power system problems were made with 
miniature three-phase systems using laboratory equip¬ 
ment, 1 some employing rotating machines as large as 600 
kva at 23,000 volts 6 for the determination of stability and 
power limits. A general purpose three-phase miniature 
a-c transmission system for the practical solution of net¬ 
work and transmission problems employing 3.75 kva 
rotating generators was constructed and extensively used 
in the General Electric Company. 3 * 4 In all of these early 
arrangements rotating generators of appreciable power 
were used. Later, however, the method of symmetrical- 
component analysis of unbalanced three-phase systems 
suggested the use of single-phase artificial representations 
of such systems. The representation of generators by 
means of static phase shifting transformers and the use of 
transformer equivalent circuits was described by Messrs. 
H. H. Spencer and H. L. Hazen 6 . By applying these prin¬ 
ciples, the MIT network analyzer 9 was built jointly by 
the General Electric Company and the Massachusetts 
Institute of Technology. Another a-c calculating board of 
interesting design was also built and described by the 
Westinghouse Electric and Manufacturing Company. 10 

Design Fundamentals 

Experience gained through the operation of the earlier 
analyzers showed that refinements in the general usability, 
degree of accuracy and reduction of size, and weight are 
desirable. 

Usability may be considered from several standpoints. 
For example, in setting up the network on the analyzer a 
suitable number of circuit units should be available to 
adequately represent any power system. System quanti¬ 
ties should be easily converted into analyzer quantities 
and vice versa. The adjustment of analyzer circuit units 
should be simple and connections of the units to form a 
network should be capable of being made with facility. 
The parts of the analyzer should be so arranged that visual 
checks of the connections and settings of the units can be 
readily made. It follows that all of these things apply 
equally well when adjusting an already formed network 
to a new set of conditions. 

If the measuring system is to have maximum usability 
it should be such that data may be obtained from the 
analyzer as rapidly as it can be recorded, and that desired 
electrical quantities such as volts, amperes, watts, vars, 
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Figure 1. Network analyzer showing the general arrange¬ 
ment of cabinets 


vector components of voltage and current as well as phase 
angles should be read directly. It must be easy to insert 
the measuring instruments in the network at the points 
desired and to read the instrument scales accurately and 
without eyestrain. The importance of obtaining correct 
data can hardly be overemphasized, as mistakes which 
arise either through faulty plugging and setting of units 
through improper reading of instruments or through 
fatigue, sometimes result in serious delays and unnecessary 
duplications of work. 

A network analyzer should have a degree of accuracy at 
least equal to the accuracy of the constants of the systems 
which are to be reproduced in miniature. An even higW 
degree of accuracy is desirable in order that small differ¬ 
ences in operating conditions and apparatus constants 
will produce the corresponding changes in associated net¬ 
work currents, voltages, and power flow. It is also de¬ 
sirable that a sufficient number of adjustable steps be 
provided on the circuit units that system constants may be 
set up with a good degree of accuracy. The instruments 
must have sufficiently low burdens that they will produce 
negligible changes in network currents and voltages. 
Moreover the departures of the analyzer units and instru¬ 
ments from their calibration should seldom be sufficiently 
large that correction of the measured results are necessary. 

In view of the fact that the large number of circuit units 
generally occupy the greatest portion of the analyzer space, 
these units should be made small j;ti order to reduce the 
analyze size and weight. This pan be achieved, as a 
preliminary design analysis showed, by using small net- 
work currents and voltages and by selecting an appropriate 
operating frequency. In this manner the power con¬ 
sumption is also m i ni m iz ed so that a small motor-generator 
set may be used. Furthermore, the over-all heat dissipa¬ 
tion from the analyzer becomes small as is desired. In 
addition, standard high-quality low-cost switches, ter¬ 
minal plugs, etc., which, through years of use in radio and 
telephone fields have attained a high degree of durability 
and dependability, may be used. 

The New A-C Network Analyzer 

In the design of the analyzer described in this paper an 
effort was made to achieve all of the objectives outlined in 


the preceding section. In order to satisfy certain of these 
objectives many new developments were necessary, par¬ 
ticularly the development of a new instrument system 
including amplifiers. 

Before discussing in detail the essential design features 
and engineering problems it is perhaps well at this point to 
describe briefly lie new analyzer recently placed in opera 
tion in the General Electric Company at Schenectady. 

The general arrangement may be seen from figure 1 
showing the center and one wing of the analyzer. It is 
assembled symmetrically with respect to the centrally 
located instrument and control cabinet. A circuit¬ 
connecting cabinet is situated on either side of this control 
cabinet and each wing is formed by four cabinets con¬ 
taining the adjustable circuit-element units. The dis¬ 
tance from wing to wing is 26 feet and the depth is 11 feet. 
Power is supplied to the network through generator units 
placed in the upper part of the circuit-connecting cabinets 
and the instruments and control cabinet. This power is 
derived from a motor-generator set and phase balancer 
remotely located from, but controlled from the analyzer. 

Each circuit unit terminates in a set of flexible cords and 
plugs on the connecting cabinets. By inserting these plugs 
in horizontally adjacent jacks of the vertical jack panel of 
these cabinets the circuit units may be connected together 
to form the desired network. The end jacks of each hori¬ 
zontal row of one jack panel are connected to the respec¬ 
tive end jacks of the other jack panel, thus interconnecting 
them. The generator units are connected to rows of 
jacks located on the extreme ends of each jack panel. 

Key switches are provided on the inclined panel of the 
instrument cabinet to connect any circuit unit or “jumper 
circuit” of the network to the instrument busses. Other 
switches for operating the instruments are provided on 
the vertical instrument panel so that the operator may 



Figure 2. Central instrument and control panel showinf 
generator units and instruments with their control switches 
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measure the magnitudes or 
vector components of voltage, 
current and power, and phase 
angles in any branch of a 
network without moving from 
in front of the instrument 
cabinet, a close view of which 
is shown in figure 2. 

The master instruments 
consist of an ammeter, volt¬ 
meter, and wattmeter - var- 
meter. They have light-beam 
pointers in order to secure a 
short response time. The 
light beam pointers used in 
conjunction with eight-inch 
scales reduce eyestrain to a 
marked degree. In order that Figure 4. Schematic circuit diagram of the instrument system connections 

these instruments shall have 
very low burdens and so make 

an inappreciable change in the network currents, current system calculations are made using percentage quantities, 
and voltage amplifiers are used. data for these systems may be frequently transferred 

The dials and scales of all of the analyzer circuit units directly to the analyzer. The nominal or 100 per cent 
and instruments are marked in per cent. With this voltage is 50 volts and the nominal or 100 per cent cur- 
marking the multipliers for changing system quantities rent is 50 milliamperes. Consequently 100 per cent ohms 
into analyzer quantities and vice versa are simpler than on the analyzer corresponds to 1,000 o hms , 
they would be if the analyzer scales were marked in actual The wiring between sections of the analyzer is car ried 
volts, amperes, and ohms. Furthermore, as a great many in the base of the cabinets as may be seen from figure 3, 

which shows a back view of the circuit-unit cabinets. The 
circuit units are mounted in individual compartments and 
may readily be removed for inspection. 

All cabinets are of the unit type and might have been 
arranged in any other manner than that shown in figure 1 
if the configuration of the room had required it. 

The Instrument System 

One of the most important parts of the network analyzer 
is the master-instrument group and its controls. The 
master instruments, the voltmeter, the ammeter and watt- 
meter-varmeter, are of the “light beam” type with eight- 
inch scales having 150, 100, and 150 divisions respec¬ 
tively. The “light beam” pointer is a luminous figure on 
the opalescent instrument scale consisting of a thin vertical 
line. These instruments were constructed from modified 
standard instrument elements by replacing the pointers 
with reflecting mirrors in the usual manner. Owing to the 
light-beam pointers and suitable moving system springs, 
the time of response of these instruments is a fraction of a 
second. The voltmeter and ammeter are of the moving- 
iron-vane type and the wattmeter-varmeter is a d-c milli- 
ammeter of the permanent-magnet moving-coil type whose 
d-c operating current is supplied by the wattmeter proper 
which is a. sensitive torque balancing telemeter. In this 
telemeter-wattmeter a null method of measurement 
similar to that of the photo-electric recorder was used. 16 
The a-c potential coils and the current coils of the instru¬ 
ments are connected in series so that all master instruments 
Figure 3. Rear view of two circuit-unit cabinets showing the indicate simultaneously. 

wiring details For the nominal analyzer voltage and current of 50 
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volts and 50 milliamperes, a maximum potential drop of 
0.01 volts across current shunts and a potential current 
not exceeding 0.3 milliamperes were set as limits of instru¬ 
ment burden. Inasmuch as the master voltmeter and 
ammeter circuits require 100 milliamperes and 50 milli¬ 
amperes for full scale deflections of the instruments, suit¬ 
able amplifiers were developed to supply the instrument 
power—one for the potential circuit and the other for the 
current circuit. These amplifiers are of the stabilized 
feed-back type. By the use of this principle, the amount 
of gain is very nearly independent of plate voltage fluctua¬ 
tions and changes in tube characteristics over a wide range. 



Figure 5. Gener¬ 
ator unit 


The accuracy of the amplifiers is further improved by a 
simple transformer-type checking circuit which automati¬ 
cally compares the amplifier input and output and intro¬ 
duces into the amplifier a voltage corresponding to any 
differential from the correct ratio of these two quantities, 
so that the amplification ratio is accurately maintained. 
The amplifiers have an accuracy of better than pl us 0 r 
minus 20 minutes in phase angle and plus or minu s one-half 
per cent in magnitude. They are fully described in a 
paper by H. A. Thompson. 16 

A complete schematic circuit diagram showing the 
connections of the instruments, amplifiers, and the instru¬ 
ment switches is shown in figure 4. Referring to figure 2, 
the instrument-scale-selector switch, having seven posi¬ 
tions corresponding to the most common voltage and 
current scales used, is installed just below the master 
instruments. By means of an auxiliary switch located on 
the right of the scale selector switch two additional low- 
voltage ranges are provided. On the left of the scale 
selector switch there are installed the watt-varmeter switch 
and the current-reversing switch. 

By means of voltage switches, which are in the bottom 
row to the left of the master instruments, the voltages 
across any circuit unit or from either side of a circuit unit 
to ground, or from either side of a circuit unit to another 
point in the network, may be connected to the voltage 
amplifier. In addition, for measuring vector components 
of current, a reference voltage obtained from the instru¬ 
ment Selsyn (Selsyn is a registered trademark of the 


General Electric Company), which is below and to the 
right of the master instruments on the panel, may also be 
connected to the same amplifier. Three current switches 
are provided just above the voltage switches to connect 
the current amplifier through shunts to the ground bus or 
any circuit unit, or to the reference current circuit of the 
instrument Selsyn. 

On the right side of the panel there are the start-stop 
push-button stations for the motor-generator set, the on- 
and-off push-button stations for the power-supply con¬ 
tactor on the motor-generator set control panel and for the 
amplifier-power and instrument-light switch. There is 
also a switch for changing taps on the autotransformer in 
the power supply circuit in order to obtain a convenient 
reduction in the voltages of all generator units simultane¬ 
ously to 50 or 25 per cent voltage when faults are applied to 
the network. A miniature type voltmeter is supplied to 
indicate the analyzer supply voltage. A rheostat is pro¬ 
vided to adjust the voltage held by the voltage regulator 
associated with the motor-generator set. To the left of 
the master instruments a second rheostat is provided to 
adjust the voltage and current of the instrument Selsyn. 

The potential shunt or voltage divider and the current 
shunts for the master instruments shown in figure 4 are 
mounted in the scale-selector-switch housing. Because of 
the high impedance of the voltage divider, the capacity 
coupling to ground and to adjacent electrical circuits of the 
divider elements introduces currents which cause phase- 
angle shifts. It is necessary to have very close adjustment 
of phase angles to measure power at low power factors with 
the degree of accuracy sometimes required in stability 
studies when large machines are involved. In order to 
control these stray-capacity effects, adjustable trimmer 
capacitors have been connected across the resistance parts 
of the divider to equalize the phase-angle shifts on all taps. 
The effects of the capacity to ground have been made in¬ 
appreciable by proper shielding of the divider, shunt leads 
and switches. Inasmuch as the voltage divider now has a 
permanent and constant leading phase-angle shift the 
current shunts have been wound inductively and made 
adjustable in inductance in order that the voltage drop of 
each shunt will have the proper phase position with respect 
to the input voltage of the potential amplifier for correct 
measurement of power at power factors approaching zero. 

In the diagram of figure 4 only a typical circuit unit and 
corresponding key switch is shown; there are 300 key 
switches in the analyzer, one for each circuit. 

The over-all accuracy of the master voltmeter and am¬ 
meter systems is within plus or minus 0.5 per cent of full 



: phasetShifting machine voltage-aojusting machine 

Figure 6. Schematic circuit diagram of generator unit 
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. The wattmeter-varmeter has the same accuracy 
when the phase angle between the current and voltage is 
not large. For very low power-factor measurements the 
most frequently used instrument connection has been 
carefully adjusted as described above to give accurate 
measurements of watts and vars at phase angles between 
the voltage and current approaching 90 degrees. For all 
other instrument connections there is a maximum instru¬ 
ment system phase angle displacement of the order of one 
degree. 

The Analyzer Generator Units 

Referring to figure 1, 12 adjustable single-phase power- 
source or generator units are installed in suitable compart¬ 
ments located at the top of the two plugging cabinets and 
the central instrument cabinet. These units are com¬ 
pletely self-contained and may be inserted or removed 
from their compartments from the front. A photograph 
of one of these units is shown in figure 5. 

Each generator unit consists of two power Selsyns, one 
having a three-phase stator and single-phase rotor for 
phase-angle control, the other having a two-phase stator 
and a single-phase rotor for voltage control. A schematic 
connection diagram is shown in figure 6. The three-phase 
stator winding of the phase shifting Selsyn is excited at 
220 volts and 480 cycles through an autotransformer from 
the main power supply, the motor-generator set. The 
phase angle of the induced voltage in the single-phase 
rotor winding depends on the rotor angle. The rotor- 
output voltage is applied to one of the quarter-phase stator 
windings of the voltage-adjusting Selsyn. By turning 
the single-phase rotor of this machine the voltage may be 
varied from zero to a maximum at an essentially constant 
phase angle. As shown in the circuit diagram of figure 6, 
capacitors were used to compensate for magnetizing cur¬ 
rent and the equivalent single-phase reactance of the unit. 

The full-load (100 per cent current) voltage regulation 
of the unit is approximately 2 per cent at unity power 
factor and essentially zero at zero power factor. The 
phase-angle shift for a corresponding change of current at 
zero power factor is approximately one degree at zero 
power factor and approximately zero at unity power 
factor. Because of this dose regulation, a calibrated 
voltage dial was supplied with the voltage regulator 
instead of a voltmeter. By means of a gear trans¬ 
mission, the 90-degree mechanical rotor angle, from zero 
to full voltage, is magnified to an angle of approximately 
300 degrees on the voltage dial, making the setting of the 
voltage more convenient. 

The only direct-reading instrument mounted on the . 
panel of this unit is a wattmeter-vai^neter for measuring 
or adjusting the active and reactive voltampere output. 
This instrument has 150 per cent and 300 per cent voltage 
ranges and 100 per cent and 400 per cent current ranges. 
Switches are provided for changing scale multipliers and 
for short-circuiting the current coil when the generator- 
unit current exceeds 400 per cent. A switch is also sup¬ 
plied to disconnect the generator unit from the power 
supply. 


Table I. Voltage-Wave-Shape Analysis of Analyzer Power 

Sources 


Hflr- 

Fre- 

rmunr.ir 


Voltage Components 


monic (Cycles) Volts 

Per Cent 

Volts 

Per Cent 

Volts 

Per Cent 

At no load 






1 

480 50.00 

100.00 

100.00 

100.00 

125.00 

100.00 

3 

1440 0.13 

0.26 

0.5 

0.5 

0.66 

0.525 

5 

2400 0.65 

1.3 

1.26 

1.26 

1.53 

1.22 

7 

3360 0.028 

0.056 

0.057 

0.057 

0.068 

0.054 

With 0.2S ampere (500 per cent) at 70 per cent power factor 


1 

480 50.00 

100.00 



125.00 

100.00 

3 

1440 0.11 

0.22 



0.73 

0.58 

5 

2400 0.62 

1.24 



1.68 

1.34 

7 

3360 0.0275 

0.055 



0.066 

0.053 


In the design of the power supply motor-generator set and 
also of the analyzer’generator units themselves, care was 
exercised to keep harmonics in the voltage to a minimum. 
With the complete analyzer equipment installed a voltage- 
wave-shape analysis was made at the output terminals of 
the generator units. The results are shown in table I. 

The fifth-harmonic voltage is the largest but it does not 
exceed 1.4 per cent. Thus the analyzer generator-unit 
output voltage is very nearly sinusoidal. 

The Circuit Units 

For the representation of power systems by means of 
artificial miniature equivalent circuits there are generally 
used, in addition to generator units, adjustable resistors, 
reactors, capacitors, autotransformers, and mutual re¬ 
actors. These may be combined into groups to form 
network branches. In the new analyzer there are five 
different types of circuit units as follows: 

(а) . Line-impedance units. These consist of adjustable resistors and 
reactors connected in series and are intended for representing lines 
or other circuits of relatively small impedance. 

(б) . Load-impedance units. These units also consist of adjustable 
resistors and reactors which may be connected either in series or in 
parallel. They differ from the line-impedance units in that their 
impedances are much higher. 

(<?). Capacitor units. The adjustable capacitors of these units are 
used to represent line capacity, and frequently to represent synchro¬ 
nous condensers as well as negative reactance such as occur in equiva¬ 
lent transformer circuits. 

(d) . Autotransformer units. The autotransformers are used to step 
up or down the voltage at points in the network. 

(«). Mutual-transformer units. By means of these units magnetip 
coupling between circuits may be simulated. They are 1:1 ratio 
transformers. The desired degree of mutual coupling is obtained by 
connecting across the secondary a suitable impedance. 

All units, with the exception of the last one which is not 
adjustable in itself, are mounted on individual 7- by 16- 
inch metal bases with calibrated front panels attached. 
These mounted units fit interchangeably into the com¬ 
partments of the circuit-unit cabinets. The mutual- 
transformer units are mounted on racks back of the con¬ 
nection cabinet jack panels. Figure 7 shows a photograph 
of a line-impedance unit and a load-impedance unit while, 
figure 8 shows a capadtor-runit and an autotransformer 
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Figure 7. Line and load-impedance units 


unit. An individual mutual-reactor unit is shown in 
figure 9. 

In determining the proper number and the kind of units 
for the analyzer a great many systems were inspected and 
their constants tabulated. Studies which have been made 
on other analyzers were thoroughly reviewed. The con¬ 
stants of synchronous machines, transformers, and the 
like, were examined in order that the analyzer units 
would cover adequately the necessary ranges of impedance 
and fineness of steps. The following table shows the 


Table II. Number and Range of Circuit Units 



Num- 


Per Cent 


Units 

ber 


Range 

Steps 

Line-impedance units (series R + jX) 

..150. 

.R 

0-51 per cent. . . . 

.. Continuous 



X. 

0-81 per cent.... 

. . 0.2 per cent 

Load-impedance units. 

. 50. 

.R 

0-1,610 per cent.. 

. . Continuous 

(series or parallel R -j- jX) ... 



0-1,605 per cent.. 

.. 5 per cent 

Capacitor units (susceptance). 

. 30 .* 


0-100 per cent.. . 

. . 1 per cent 

Autotransformer units. 

..12. 

. ± 

15 per cent.*... . 

.. 1 per cent 

Mutual-reactor units. 

. 15 





* Values expressed in per cent of primary voltage. 


number and range of circuit units in the new network 
analyzer. 

The resistance and reactance part of each line-im¬ 
pedance unit and load-impedance unit is individually 
rated at a maximum of 62.5 volts (125 per cent nominal 
voltage) or 250 milliamperes (500 per cent nominal cur¬ 
rent) whichever is the limiting factor. Each capacitor 
of the capacitor units is rated at a maximum of 62.5 volts 
(125 per cent nominal voltage). The tapped resistances 
and capacitors have an accuracy of plus or minus one per 
cent on all taps. Small variable resistors have an accuracy 
of plus or minus three per cent. All reactors have an 
accuracy of plus or minus one per cent at a specified current' 
and a change of reactance less than plus or minus two per 
cent over the full current range at any setting. 

An ideal reactor should have a very small R/X ratio. 
However, there are obviously practical limits of R/X ratio 
below which a reactor tends to become unduly expensive 
and large. Thus the values of R/X given in table III of 
the circuit-unit reactors represent a compromise between 
reasonable cost and an acceptable R/X ratio. 

In the design of the reactors, autotransformers, and 
mutual-reactance units, low losses and high permeability 


at the low flux densitites were desirable; consequently, 
nickel-iron-alloy magnetic cores were generally used. 

The autotransformers are rated at 62.5 volts (125 per 
cent) and 250 milliamperes (500 per cent). The taps are 
accurate to plus or minus one per cent of the dial setting. 
The series reactance of these transformers is compensated 
with suitable series capacitors. 

The mutual-transformer units are rated 62.5 volts 
(125 per cent) and 250 milliamperes (500 per cent). The 
two windings of this unit, a 1:1 ratio transformer, are 
wound together so that minimum leakage reactance is 
obtained. The relatively large capacity coupling re¬ 
sulting from the close spacing of the wires is compensated 
by means of a small reactor connected from one winding to 
the other. 

The Motor-Generator Set 

The motor-generator supplies three-phase, 480-cycle 
power at 440 volts through an autotransformer to the 12 



Figure 8. Capacitor and autotransformer units 


analyzer generator units. Because of the low analyzer 
circuit voltage and currents used, the maximum 480-cycle 
input to the entire analyzer is less than 5 kva. The single¬ 
phase component is less than one kva. 

In order to maintain substantially balanced voltages 
at the terminals of the three-phase generator with a single¬ 
phase load component, a phase balancer is connected in 
parallel with it. The phase balancer is directly coupled 
to the generator and rotates at synchronous speed. In 
addition to its voltage balancing action, the phase balancer 
absorbs a good deal of the small residual harmonic content 
of the voltage of the sine-wave generator. The phase 
balancer magnetizing current is compensated by means 
of suitable capacitors. 

The complete motor-generator set assembly consists of 

Table III. Typical R/X Ratios of Circuit-Unit Reactors 


Reactance Setting R/X Ratio 

Circuit Unit (Per Cent) (Per Cent) 


Line-impedance unit. 0.2.8 

1.0.5.5 

10.0."..3.5 

> i-. 70.0..3.0 

Load-impedance unit. o .5.0 

.. 10 .4! 5 

100 .3.5 

.... 1,500 ..3.0 
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four machines, a 60-cycle driving motor, a 480-cycle 
alternator, a phase balancer, and an exciter, all directly 
coupled and mounted on a 20-inch-by-7-foot base. 

In view of the small amount of 440-volt, 480-cycle 
power to be transmitted, the motor-generator set may 
readily be remotely installed from the analyzer. In the 
General Electric installation the distance is of the order 
of 200 feet and considerably larger distances are quite 
feasible. 

Conclusions 

The operation of the analyzer since it was completed 
has shown that the design has achieved the high degree of 
facility and speed of operation which was expected with a 
resultant saving roughly the equivalent of one operator. 
When the occasion arises the analyzer may be operated 
conveniently by a single operator. The over-all accuracy 


plugging panels in the same relative positions which they have on the 
network diagram, affording easy checks of all connections. 

3. The accurate light-beam-type instruments have a very short 
time of response and serve to measure voltage, current, watts, 
(vars) reactive voltamperes, and vector components of voltage 
and current with a minimum of eyestrain. In the measurement of 
these vector components and for reading phase angles an instru¬ 
ment Selsyn is used. 

4. The instrument burdens have been reduced to very low values 
by the use of precision amplifiers of the stabilized type. Thus the 
introduction of the instruments in the network has a negligible ef¬ 
fect on the existing distribution of voltage and current, resulting in 
a degree of accuracy of the measurements which precludes the need 
for correction of the measured results. 

5. The close electrical tolerances to which all the component parts 
of the analyzer have been held, have resulted in the practical elimina¬ 
tion of the use of correction tables for adjusting the network imped¬ 
ances to the values desired for the representation of the power net¬ 
work. 

References 



Figure 9. Mutual-reactance 
unit with compensating re¬ 
actor 


and accuracy of the component parts has been within the 
limits for which the equipment was designed. 

The following distinctive design features have contribu¬ 
ted to the efficient analyzer performance: 

1. The instruments and all selector-key switches are centrally ar¬ 
ranged, so that the operator may take conveniently the desired read¬ 
ings of network quantities from one position in front of the instru¬ 
ment cabinet without assistance. 

2. The concentration of the circuit unit connecting equipment in 
two cabinets facilitates the work of connecting the circuit units to 
form the network to be studied. In addition, the amount of trans¬ 
fer plugging, frequently a source of error, is materially reduced. 
With this arrangement the network busses may be formed on the 
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The Properties of Three-Phase Systems Deduced N/ith the 

Aid of Matrices 

By M. B. REED 

ASSOCIATE AIEE 


ANY MATHEMATICAL process, even though fully 
developed in theoretical form, takes on more mean- 
f w ing, and thereby becomes more useful, if it is ap¬ 
plied to familiar concepts. If in this application certain 
conclusions can be reached with ease which ordinarily are 
reached with difficulty, the utility of the mathematical 
process is still more conclusively demonstrated. 

Three-phase circuits are very generally used. The 
simpler properties of such circuits have been considered, 
and have been taught in colleges for many years. There 
are, however, certain important properties of these sys¬ 
tems, deduced in the following, which are not as widely 
known as they should be. The reason for this fact is 
simply that ordinarily the equations required to deduce 
these results get so cumbersome as the work progresses 
that the details hide the general properties of the system. 
Matrices are extremely effective in clearing away the com¬ 
plication of detail thus leaving the expressions for the 
general properties of the system more evident. 

A further advantage of matrix nomenclature is that 
even to a beginner in the study of polyphase systems, 
after having mastered the matrix treatment of three- 
phase systems, the method of extending the details of the 
matrices to any other polyphase system will be evident. 

The following treatment of three-phase systems shows 
the power of matrices, not only in simplifying the state¬ 
ment of the properties of circuits f in general, but in deter¬ 
mining the.detailed properties of particular circuits. The 
method of manipulating matrices 5 and of reaching certain 
conclusions from them is shown. 

Preliminary 

A nomenclature, convenient for all occasions when com¬ 
plex numbers, real numbers, vectors, and matrices are all 
used in the same discussion, is not easily established* 
The writer has found through his own investigations and 
through presenting the material to students that the fol¬ 
lowing symbolism is simple and convenient : a matrix will 
be represented by the script symbols 

a complex number or vector in the usual complex notation 
by 

Paper number 37-154, recommended by tbe AIEE committee on basic sciences 
and presented at the AIEE winter convention. New York, N. Y.; January 24-28, 
1938. Manuscript submitted October 11,1937; made available for preprinting 
December 8, 1937. 

M. B. JLbbd is assistant professor of electrical engineering at the University of 
Texas, Austin. ' 

1. For numbered reference, see end of paper, 
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and a scalar or real number by the absolute value as 
\V\. \I\, |y|, M. etc. 

This symbolism will be used in what follows. 

The properties of matrices as given in the paper by. 
Pipes 1 will be assumed, in as far as they are needed, in 
what follows. In addition, and in keeping with the no¬ 
menclature to be used in this discussion, the unit matrix 
will be designated as 



Other unit matrices which will be used below, formed 
by shifting the last column successively to the first column 
position, are 

/0 1 0 \ /0 0 1 \ 

19, - ( 0 0 1 ) and H, = ( 1 0 0) (2) 

\1 00 / \0 1 0 / 

The following matrices will also be useful: 

- % - % and m it - 1ft, - H, (3) 

Note that the matrices given by equation 3 are singular. 

Three-Phase Delta Connection 


(a) General: In matrix notation the voltage equations 
in terms of the cyclic currents for figure 1—assuming no 
mutual inductance or capacitance—are 


E -p 21 / 



(4) 

where 




E = (E\i, En, En, 0) 



(5) 

1 “ (/ 12 , hi, h) 



(«) 

and 




/ai2+^2BH" B 

-Z Al 

—zab ^ 


/ Zba+Zai *28+*«C“h 

— ZiC 

—zbc 

\ 

2°= 1 B ZcB+*B2 

*31+«1A + 

—zac 

] (7) 

\ — *Al —*iC 

ZAC+ZiC 

zab+ i 

1 

V —*AB —Zbc 

—zac 

ZbC+Zqa* 



The current and voltage matrices are to be considered as 
one columned, but are written as in equations 5 and 6 as 
a matter of convenience. 

Further, since the impedance matrix is not singular, 

I - n* 

Where the admittance matrix is the inverse of the im¬ 
pedance matrix of 7. 

The phase currents at the generator are 


■j>, 


.(■In# I## I«) 


( l o o oY 
0 10 0] 
0 0 1 0 / 


I -®,/1 


m 
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and the phase currents at the load are 
(\ 0 0 -l\ 

®j>» = (in a- /<•«. Zac) =10 10 — ill = 5 (9) 

\() 0 1 - 1 / 

The line currents are 

it = (/*!. ha. In) (jo) 

Note, as is evident from figure 1 and equations S and 9, 
that 5|»j even though equation 10 at first glance makes 
tlicm appear so. T'hc fact that the transformation ma¬ 
trix 311., is singular makes this relation possible. Note 


ances of figure 1 are zero except the three load impedances. 
Then since the voltages are assumed as balanced —-neb 
phase sequence— 

a “ yn a (1. «, ft 2 ) (17) 

where 

.2ir .2 jt 

a — € 3 ~n = « J T = t J >2" 

Also from equations 10 and 1(1 

*/. - HU,, = llnliW,., (18) 

But since 




equations 17 and IS give 
/ y.u, » -y.A 

*/. * ( ~y*ii ynr 0 1 V UA (l. ii. « 2 ) 

\ <• -ynr yrj 


which multiplied out gives 

Sr. - V„a (y A o -yAii+aynr, -ayntt+a'y,.*) 


(19) 


further that or JU cannot be detennined from it since 
1H,, is singular, thus pointing out a fact which is not im¬ 
mediately evident from the equations themselves. 

The line and phase voltages at the generator are 

“* Epj “ tr “ CE„. But E)l) ( 11 ) 

and the terminal voltages of the generator, in terms of 
the voltage drops of line and load, are 

Mw - *•« - + V t ,Vr. (12) 

where the load and line drops at the generator terminals 
are 


V„ - <K«. V n . K„) (13) 

the internal generator drops are 



But if the balanced voltage phase-sequence is changed to 
the abc sequence 

- Vha (1. «*, a). 

and 

■* Vha (yAn — Wca. —Vaii + «V» r, — «V/ie + ay, ;A ) (20) 

Examining these two relations -11) and 20-makes it 
evident that, for any set of load impedances .such that 
their phase angles, or the ratio x/r, is the same for all three 
impedances, the magnitude of the line currents will not 
change under a change in phase sequence of voltage; and 
that for any other impedance relation the line currents will 
change in magnitude with a change in the phase sequence 
of the voltages. 

(c) Unbalanced Voltages and Balanced Impedances. 
Considering load impedances only, evidently 

% * y&i <2i) 


the line drops are 
f*AX 0 0 \ 

Vl - ( o z B , 0 11 * - I/. ( 15 ) 

V> 0 zj 

and the phase drops at the load are 

/*AB 0 0 \ 

Spi-lo *BC 0 ) $,1 - ZApt (16) 

\0 0 *ca/ 

Other relations may be readily set up to handle any par¬ 

ticular problem. Some special cases of interest are given 
in the following. 

(D) Balanced Voltages and Unbalanced Load Impedances. 
In order to simplify the expressions and still retain enough 
of the circuit for present purposes, assume that all imped- 


Further, if n' is located at the center of gravity of the load 
voltage triangle, and if 

%n' - OV„. V N >„. V„'c) (22) 

then 

Vpi ~ (V B a. Vo. V ao ) - V H ' (23) 

But from 18, 21, and 23 

It “ Illu y 3li Vn = r3tu 3tti* It*' (24) 

which gives 

2-1^ - Sy «#'■' (25) 

This relation shows immediately that the line currents are 
associated with the voltages to the center of gravity of the 
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Also 



*-(5 “5-!)*"-***" (35) 

The subscript t will be used to denote the transpose of a 
matrix. The singular transformation matrices indicate 
that the generator phase voltages cannot be determined 
from £ or from the generator line voltages. 

If the impedances of the system are written as diagonal 
matrices 


Figure 2. Three-phase wye connection 


voltage triangle by the phase angle of the load imped¬ 
ances. Also note that the voltages to the center of gravity 
may be determined from 





(26) 


(d) Balanced Voltages and Balanced Impedances. Once 
more considering the load only— acb phase sequence— 

ipi = ?ba (l* a 2 ) 

(1, a, a 2 ) 

jf l = < 27 ) 


Also since the relation between line and phase currents is 
now simply a complex number rather than a singular matrix 



(28) 


Three-Phase Wye Connection 


(a) General. The voltage equations in terms of cyclic 
currents for figure 2—assuming no mutual inductance or 
capacitance—are, in matrix form, 

£ = 2# (29) 

where 

£ - (£„. Ea) (30) 

I = (/io. La) (^1) 

and 

2= ^*10+ Z ®>+ z 2B-t‘ S *W+ Z JM+*.il — 202 — Zjfl — *Btl A (32) 

\ —*0J+202+*aC+2OW+*Vfl+22a/ 

Of course, since 2 is nonsingular 

« = $£ 



the generator voltages in terms of the currents are 

«*-«!* «+&+%)** (37 > 

Since Win is singular this transformation is singular, and, 
therefore, not reversible. However, the phase currents 
at the generator may be determined from equation 33 as 

(38) 

which gives from 34 

Also from 38 and 35 

% g = 8*1f **£,, (39) 

This equation cannot be used to determine in terms of 
hw because of the singularity of the transformation. Fur¬ 
ther investigation will show that no relation can be found 
for £ w in terms of \ g and the circuit impedances or ad¬ 
mittances; i. e., given a set of wye-connected impedances 
and the line currents, the phase generator voltages of the 
source cannot be computed. There is an infinite set of 
these phase voltages which will satisfy the system. 

(b) Balanced Voltages and Unbalanced Load Impedances . 
Using 39 and the fact that 

Upo - E 10 (1, a, a 2 ) 

for the 132 sequence, a relation corresponding to the delta 
circuit relation may be deduced; namely, that if the three- 
phase impedances have the same ratio x/r f a change of 
phase sequence will not affect the current magnitudes. 

(c) Unbalanced Voltages and Balanced Load Impedances. 
Assuming all but load impedances as negligible, equation 
32 reduces to 


The line currents of the wye system are g / 2* -z\ = / 2 -l\ and 

/ 1 0\ \ z \ 1 2/ 

* (Iau /jb 2 » lea) ** = f “"1 (33) H ” *3 = ^ 2 ) 


The voltages are 


~Lq 




and in terms of phase voltages 
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(34) 


Then from 39 


=(:! -i : i) 


(40) 


If £10 + £20 + Em = 0 this relation becomes 
Si = “ y >0 
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A further property of this system may be deduced as 
follows: the phase drops at the load are 

Upl ” Z/ I()f “ * 11 ipn = X 11,15 (41) 

Further, in terms of the voltages to Uie center of gravity 
of the generator voltage triangle, 

£ ... tC„ lipu' (Eta'iS^'iEan') (42) 

and from 38 and 42 

~ y (i (43) 


Hence from *1 t anti 4o 



But since Em* ^ Em -- 0 

®pi ** £*/ (45) 


which shows that the neutral or common point of the 
load voltages is at the center of gravity of the line voltage 
triangle. 

(d) Balanced Voltages and Impedances. The voltages 
are—sequence acb — 

lh - - W»V„ A (1, a, a’) 

»* - V 9l (46) 

Also the phase voltages may for this special case be de¬ 
termined from the line voltages as 

J30 

*1*1 " W;. (47) 

Further from 39 and the conditions here being considered 
= (48) 
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A System of Electric Remote-Control Accounting 

By L. F. WOODRUFF 

MEMBER AIEE 


T HE ACCOUNTING system which will be outlined 
in this paper will be discussed mainly in its applica¬ 
tion to a department store. However, it will not re¬ 
quire any great stretch of the imagination to visualize the 
application of the same system and devices to other fields, 
including factory production control and pay rolls, public- 
utility accounts receivable, and others. 

The Punched-Card Method 

The punched-card method of accounting by automatic 
machinery has had a steady growth since its use in the 
United States census tabulation of 1890. At the present 
time the method is used in the great majority of large cor¬ 
porations, and literally billions of cards are used every year 
in this country alone. 

In its simplest elements, the method involves the prepa¬ 
ration of cards through which are punched holes in cer¬ 
tain coded positions to represent numbers, or, more 
rarely, letters of the alphabet. The cards after prepara¬ 
tion are stacked in hoppers of automatic machines, through 
which they are fed one by one, and the coded numbers 
picked up by electrical or mechanical sensing devices. 
These sensing devices in turn control adding units or other 
devices which do the actual accounting. There are ma¬ 
chines for sorting, adding, subtracting, and multiplying, 
and these have many kinds of automatic controls which it 
would be out of place to describe in detail here. 

The system of remote-control accounting which it is 
proposed to describe is not a complete system in itself, 
but has been designed as an aid and adjunct to extend 
the field of economical application of the punched-card 
method. 

The Economical Application 
of the Punched-Card Method 

The punched-card method is usually found to be eco¬ 
nomical of application where large masses of numerical 
data must be handled accurately and totaled in numer¬ 
ous groupings. Small quantities of data may be handled 
well on the machines, but the costs of handling on 
punched cards are much more favorable if there is enough 
work to keep at least a full set of machines busy continu¬ 
ously. The speeds and capacities of the machines are 
so great (400 cards per minute for the sorters, 150 per 
minute for the tabulators) that large masses of data are 
required to keep the machines usefully employed. 

It should be dear also that when the cards have once 
been prepared (i.e., punched and checked) it is a relatively 
easy matter to run off a new set of statistics from them by 
sorting them automatically into new groupings, and tabu^ 
taring them in these groupings. The more groupings 
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into which it is desired to tabulate and totalize the in¬ 
formation, the smaller the fraction of the card cost and 
punching cost which should properly be allocated against 
each tabulation, and therefore the method shows up 
most favorably when there are numerous groupings to be 
handled. 

The census, which was the first application of the 
punched-card method, still stands out as the ideal type of 
job in its great mass of data and numerous segregations 
desired. 

It should not be inferred that where the number of seg¬ 
regations is small, the punched-card method is undesirable, 
because other factors than direct cost, such as speed and 
precision, may be controlling factors. Other things being 
equal, however, it is unquestionably true that the most 
favorable applications are as has been stated. By way of 
illustration we may note that some of the most successful, 
widely adopted, and long continued applications have been 
in the fields of insurance, chain groceries, factory produc¬ 
tion control, and payroll. In insurance, the cards are 
used for many forms of actuarial analysis as well as for 
handling the specific dollar accounting of the policy 
holders individually. In chain grocery warehousing, a 
single card can be used in turn as an on-order record, for 
making a tally list for checking merchandise received, as a 
record in a perpetual inventory, as an order to ship to an 
individual retail store, and as a billing medium to that 
store. Thereafter, with additional data of store identi¬ 
fication and date of shipment punched in, it is available 
with other cards to furnish various analyses of store per¬ 
formance, turnover of merchandise, profit by manufac¬ 
turer, etc., etc. It would perhaps become tedious to de¬ 
scribe in a similar vein the various uses to which a punched 
card is put in the other applications which have been men¬ 
tioned. 

There are of course accounting problems which involve 
so few segregations of data that they are not suitable for 
solution by the punched-card method, and there are others 
in which the advantages and disadvantages neutralize; 
and this in spite of a large volume of data. 

In one or the other of these last two classifications lie 
most of the phases of accounting and control in large de¬ 
partment stores. There have been dozens of punched- 
card installations in department stores, but many of these 
after thorough trial have been discontinued. It is apparent 
then that the executives in this large field are receptive to 
the idea, and that there are many advantages in its appli- 
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Figure 1. 
Punched token 


cation, but these are just about offset by the disadvan¬ 
tages, which include the costs. Since this situation 
seemed favorable to the application of an auxiliary de¬ 
velopment, and further since the accounting problems of 
department stores are more standardized than, say, those 
of manufacturing plants, while yet offering comparable 
volume, the department store was selected as the field of 


the first experimental installation of remote-control aC' 
counting. 

The magnitude of the department store accounting prob¬ 
lem can be appreciated from a few statistics. There are 
approximately 300 department stores and departmentized 
specialty stores in the United States which do an annual 
business of over one million dollars per year, and the ag¬ 
gregate net sales of this group is about 4 billion dollars 
per year. An average store in this group would do about 
13 million dollars of business per year. Using the per¬ 
centage expense figures given in the Harvard Business 
School reports, 1 the payroll expense alone for accounts 
receivable, accounting office and credit, and marking, is 
in excess of two per cent of sales or $260,000 per year for 









Figure 3. Du¬ 
plex marking 
punch 


the average store of the group. Such a typical store main¬ 
tains well over $100,000 worth of accounting machines of 
various kinds to expedite its operations. An automatic 
or semiautomatic accounting system thus is seen to have 
considerable possibility of effecting actual savings in out- 
of-pocket expense, entirely aside from benefits which may 
be derived from better and more complete analysis, in¬ 
cluding speedier and more precise results. 

The principal subdivisions of the detail mass accounting 
and related activities in department stores are inventory 
control, buying, marking, recording of sales, charge authori¬ 
zation, sales audit, accounts receivable, and accounts 
payable. In the usual present method, sales are recorded 
on sales slips except in a few small-goods departments 
where cash registers ..only are used. The sales audit is 
accomplished by sorting the sales checks manually into 
different groupings for different analyses and totalizing 


under each grouping. Lost checks are a continual 
source of worry. Poor handwriting and errors of re¬ 
cording by low-wage employees are handicaps. For 
each analysis there must be a separate sort, making 
the manual method slow and costly; and because 
of this a comprehensive analysis of sales is not eco¬ 
nomically feasible. A number of stores have already 
used punched-card machines in the sales audit, but 
approximately half of these stores have discontinued the 
punched-card method and gone back to their old plan. 
A considerable number of stores still continue to use 
punched cards in sales audit, but it is apparent from the 
history of the whole group that the benefits are not con¬ 
clusive evidence of the superiority of that method. The 
obstacles to the use of punched cards in this work are that 
the average unit sale is small (about two dollars), 1 the 
number of groupings required for analysis is not large, and 
the expense of punching and checking each card from the 
sales check is too great to permit of any great saving being 
made by the use of the machines. 

Inventory Control 

In inventory control, there are two general methods in 
use at the present time. One method is the so-called 
dollar control , and the other the unit control. 

Under the dollar method of inventory control, there is 
allotted to each department a certain sum of money with 
which to do business. With the amount so allotted, the 
buyer in charge of the department buys merchandise and 
conducts business much as though he were an independent 
merchant. Other than a knowledge of whether or not he 
is giving to the store a fair return upon the money invested 
in the department, and a periodical physical inventory 
taken to see that the dollar value of merchandise on hand 
is not excessive, the store executives have very little check 
upon the buyer. It may well be that the buyer is earning 
a fair return upon the capital invested in his department 
by “turning over” a small part of his stock a relatively 
great number of times per year, while the remainder is 
turned over but once or twice. Even the buyer himself 
has not at his disposal proper facilities for giving him de- 
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Figure 4. Unit inventory card and corresponding price tag 
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tailed knowledge of the merchandise in his department, 
and its turn-over. 

Under the unit method of inventory control* a record 
is kept of each individual article of merchandise as it comes 
into the store. When each article of merchandise is sold, 
immediate note of the sale is made on the inventory records 
so that there is kept a running up-to-date record of the 
inventory on hand. Under this method, the executives 
and department heads may know at all times not only the 
dollar value of merchandise on hand but also just what 
the description is of this merchandise. They are able to 
determine what merchandise is moving and what is not, 
also what merchandise is being handled at a profit and 
what is not. Under this method, it is possible to keep the 
inventory at the lowest point consistent with having a 
sufficient amount and variety of merchandise on hand to 
meet the requirements of customers. This is the ideal 
method of inventory control, but because of the cost and 
the difficulty involved in the keeping of the necessary 
records, its use in department stores has necessarily been 
limited. 

There are advantages and disadvantages in the re¬ 
cording of sales by cash register only as against the use of 
the sales book. Using the register, there is more oppor¬ 
tunity for theft, and in the aggregate this is known to be 
very appreciable. Cash-register receipts for various 
amounts are soon scattered all over the floor in many sales 
areas. They offer no means of identifying the particular 
merchandise sold. On the other hand, cash registers are 
quick and do not waste time of either customer or sales 
person. Sales slips are more widely used in department 
stores. If they are used in connection with carrier sys¬ 
tems, usually tubes, there is a time-consuming wait for 
change and receipt, aggravating to the customer. Dur¬ 
ing busy seasons some departments are temporarily 
changed over from sales-slip to cash-register recording so 
as to increase the speed of handling transactions. 



Figure 5. Central,records transmitter 


Outline of Operations 
of Remote-Control Accounting System 

The factors involved in a sale are: (1) the customer, (2) 
the merchandise and its selling price, (3) the sales person, 
and (4) the cashier. In the system to be described, each 
of these factors is identified by a small punched tag, illus¬ 
trated in figure 1. In a charge transaction, identification 


Figure 6. Central 
records recorder 



of the cashier is unnecessary. In a cash transaction, iden¬ 
tification of the customer is unnecessary. In any one sale 
therefore it is necessary to identify only three of the four 
factors. These punched tags are used to control the 
reproduction, by mechanical and electrical means, of the 
information contained thereon, on a standard punched 
card. Then by usual methods of handling, the repro¬ 
duced cards may be sorted and tabulated automatically 
to perform the major accounting operations. 

The detailed operation of the system may be under¬ 
stood best by following the chart of operating procedure, 
figure 2, in connection with the description. 

In the marking room, a specially-developed machine 
(figure 3) simultaneously prints and punches standard 
tabulating cards for inventory record, and price tags for 
display and mechanical reproduction at the time of sale. 
For goods whose value and character warrant the expense 
of unit control, an individual card and tag are prepared 
for each piece. For other types of merchandise there are 
variations in the system, which will not be described in 
detail. A typical unit inventory card and the corre¬ 
sponding price tag are shown in figure 4. The inventory 
cards are tabulated and listed, and totals checked against 
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Figure 7. Sales record card 


the invoices. It is to be noted that these cards and the 
price tags are both prepared by a single keyboard setup 
on the duplex punch illustrated in figure 3, and that a 
check of the inventory cards is also a check of the price 
tags. After checking, the inventory cards go to the stock 
file, and the price tags are attached to the merchandise 
and go /with it to the sales area. An important point in 
the marking procedure is that the punching is done on a 
quantity basis, and not item by item. A shipment of mer¬ 
chandise may contain 500 items, and if 500 unit inventory 
cards are to be prepared, most of the information will be 
common to all, and but a single keyboard setup will be 
required for this common information. If this informa¬ 
tion is checked for one card, it is checked for all. There 
will be of course some information which is not common to 
all, but the keyboard changes made in one field of the 
card do not disturb those in other fields. When pro¬ 
ducing duplicate cards and tags, the m ar king punch shown 
in figure 3 has an output of 100 per minute. 

Let us follow the tagged merchandise to the sales area. 
When a piece of merchandise is sold for cash, the merchan¬ 
dise tag is tom from its stub, which contains duplicate 
printing of the merchandise identification for use in case 
the merchandise is returned for credit later by the cus¬ 
tomer. The detached portion of the tag, along with a 
punched celluloid token bearing in code tire identificaton 
number of the sales person, and a similar token for the 
cashier, are placed in a transmitter, illustrated in figure 5. 
When the top of the transmitter is closed (provided it con¬ 
tains all three of the tokens), through appropriate wiring 
and automatic selector switches it is immediate ly con¬ 
nected to an idle recorder (figure 6) in a central accounting 
office. All the information needed for a complete record 
of the sale is automatically transmitted from the punched 
tokens and reproduced on a standard punched card, and is 
also printed and totaled on the recording machine 

Transmitting the .record of the sale takes five seconds, 
and at its completion the merchandise tag is au tomatically 
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stamped with the date of sale, and the top of the trans¬ 
mitter opens. The stamped tag is given to the customer 
as a receipt, and it identifies the exact merchandise and 
the price at which it has been sold. 

The sales record card produced at the central office is 
reproduced in figure 7. All the information punched on 
the right-hand half of the card is obtained from the trans¬ 
mitter. The date only, which occupies the extreme left- 
hand field on the card, is set up each morning on the re¬ 
corder punches, and reproduces on all cards punched that 
day. The large alphabetical field in the left central part 
of the card is not used on cards which record cash transac¬ 
tions. 

The sales audit is obtained from the sales cards by sort- 



Figure 8. Charge authorizing unit 
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have been found most useful from these cards are analyses included a weekly summary of merchandise on hand; a 
of fastest selling items and styles, turnover by manufac- monthly analysis by department of the age of merchandise 
turer, turnover by department, number of items by size, on hand in dollar value and in pieces; an analysis of 
gross profit by manufacturer and by department, and markdowns for the month by manufacturer, by price line 
sales by price lines. All these analyses and many more and by reason; a monthly analysis of returns to manu- 
are obtained without any further detail work, but merely facturer; a quarterly analysis of merchandise in each dc- 
by the operation of sorters and tabulators whose speeds partment classified by size, and size distribution for sales 
are respectively 400 cards, per minute and 150 cards per and inventory compared and brought into proper balance, 
minute. There is a possibility of human error coming in A file of “on order" cards is also maintained, and used as 
during the operation of withdrawing the inventory cards a basis for analysis of merchandise on order, 
from the file, but this has been practically eliminated by 
totaling the serial numbers of the sales record cards, which Charge Sale 
is done automatically, and ft the totals check the probabil¬ 
ity of error is very smallindeed. When a sale is made to a customer who has a charge 

The cards remaining in the file represent merchandise on account, there is a somewhat different procedure. AH 
hand, and highly useful and valuable information can be charge customers are supplied with punched celluloid 
drawn from them. Reports which were regularly pre- identification tokens, similar to the usual charge tokens 
pared from this file in a large experimental installation except that the account number is punched in code. In 
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the recording of a charge sale, the customer’s charge token 
is placed in the transmitter in the position used for the 
cashier’s token in a cash sale. One additional step not 
necessary in the cash sale is necessary for the charge sale. 
This is the charge authorization. The circuits of the trans¬ 
mitter distinguish between the charge tokens and the 
cashiers’ tokens by the range of numbers assigned to each, 
and if the number lies in the charge account range, the 
automatic switching equipment does not immediately 
establish a connection between transmitter and idle re¬ 
corder, but first connects the transmitter to a charge 
authorizing unit, illustrated in figure 8. This machine 
receives from the transmitter and prints on a tape the 
customer’s charge account number and the amount of t he 
sale. The charge authorizing clerk refers to a visible-in¬ 
dex quick-reference file, part of which is shown in the il¬ 
lustration, to see if the condition of the account warrants 
the approval of the credit. If so, she operates the button 
marked OK, and this results in the establishing of connec¬ 
tion between the transmitter and an idle recorder, and the 
transmitting of the record of the sale. The credit author¬ 
izing machine makes notation on the tape that the credit 
has been approved. 

It may be noted that cash sales records and charge 
sales records are routed indiscriminately to any recorder 
which happens to be idle, and the sales record cards rep¬ 
resenting the two types of sale are sorted later on to sepa¬ 
rate the two types. 

Customer B illing 

After the charge sales record cards have been used in 
the preparation of the sales audit, along with the cards 
representing the cash sales, they are used in the perform¬ 
ance of the accounts receivable billing. The charge 
cards are sorted by department and then by merchandise 
classification within the department. They are then 
“gang punched” in the alphabetical field with name of 
the item or classification, after which they are sorted again 
by account number. The cards are now filed in the ac¬ 
counts receivable file, which is arranged by account num¬ 
ber. During this work a dollar total by ledger groups is 
used as a control check. 

The accounts receivable file for each account contains a 
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Figure 10. Automatically prepared customer's bill 


series of name-and-address cards, illustrated in figure 9. 
These serve as index cards in the file, and also act to l-ma d 
up the bill when the cards are fed through an alphabetical 
tabulator. At the beginning of each month a new card is 
inserted for each active account, showing the balance of 
the account at the end of the preceding month. As trans¬ 
actions occur, other cards are inserted into the account file 
for sales, cash payments, merchandise returns for credit, 
etc. At the end of the fiscal month all the cards in the 
file, including the name-and-address cards, are run through 
a printing tabulator. The customers’ bills are produced 
automatically, together with the total amount due, as 
illustrated in figure 10. The tabulating machine also 
carries along a total for all the bills in each ledger group 
for control and checking purposes. 

The Transmitter 

A number of features of the transmitter have already 
been described. Referring to figure 5, a telephone hand¬ 
set will be noted resting on top of the device. This is for 
verbal communication between the transmitter operator 
(who may be either the sales person or the cashier) and the 
charge-authorization clerk. The telephone is not used 



Figure 11. Credit-authorizing room 


unless there is some question relative to the approval of 
the credit, and if the authorization clerk desires to con¬ 
verse, she operates a button which causes a light, shown 
at the left front of the transmitter, to glow. The tele¬ 
phone circuit is already connected by automatic switch¬ 
ing, and the transmitter operator has only to lift up the 
telephone and start talking. In designing the system, 
it was felt that in the delicate business of passing on the 
credit standing of the customer, the importance of pre¬ 
serving good will required the flexibility of handling af¬ 
forded at a distance only by telephonic communication. 

Electrical interlocks axe provided in the transmitter so 
that failure to put in one of the tokens, or putting in a 
token in the wrong position, will prevent the transmitter 
top from locking down when closed, and also prevent the 
operation of the selector switches and the sending of the 
record. Two or more transmitters can be connected to a 
single cable circuit in a “party-wire” relation, and when 
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this is done a transmitter coming on a busy line merely 
waits until the termination of the transmission period of 
five seconds before it goes into action. This party-line 
feature makes it feasible to provide numerous receptacles, 
analogous to electric-light sockets, into which extra trans¬ 
mitters can be plugged to take care of peak loads occa¬ 
sioned by special sales or other causes. The plug-in fea¬ 
ture is obviously useful also in maintenance and repair 
work. 

The transmitter circuits are arranged so as to be inop¬ 
erable if the wrong number of holes exists or apparently 
exists in any one of the tokens. Thus a scrap of paper 
accidentally covering one of the holes of a token would 
not result in an erroneous record. 

The date of sale, which the transmitters stamp on each 
merchandise lag transmitted, is embossed by small steel 



Figure 12. Code bar for punching dual code 


stamps, and these have to be changed by hand each day 
to the new day’s date. 

Each transmitter contains a circuit which sorts the rec¬ 
ords and routes the charge sales to the credit authorizing 
department and the cash sales directly to the recorders. 

The Credit Authorizing Machine 

The credit authorizing unit, shown in figure 8, receives 
the record of the account number and amount of sale for 
a charge purchase. There are five button controls, namely 
for OK, reject, call back or telephone communication, and 
two supplementary controls for emergency release and for 
carriage return. A row of 20 lights in the front of the 
base is provided to indicate how many calls there are 
awaiting their turns for being passed upon for authoriza¬ 
tion. The telephone is at the left of the main unit. 

The routing of sales to the credit authorizing machines 
differs from the indiscriminate method employed for the 
recorders of selecting any idle machine. Instead, each 
credit authorizing unit lias routed to it by the selector 
switches only records involving accounts which lie within 
a specific limited range. The particular unit pictured in 
figure 8, for example, receives only accounts numbered 
from 220,000 to 239,999 inclusive, as is indicated by the 
large numbers just above the row of 20 lights. This 
routing is accomplished by allowing the first two digits of 
the customers’ charge tokens to control the operation of 
selector switches which thereupon establish connection 
to the proper authorizing unit, The purpose of this 
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Figure 13. Token punch 


selection is to reduce the size of the file which has to be 
provided for and operated by each clerk, thus speeding 
up the operations and allowing the clerks to become more 
familiar with their respective lists than would otherwise 
be possible. There is a considerable saving also in not 
having to maintain a large number of complete files, and 
to keep them posted. 

A general view of the credit authorizing room in an ex¬ 
perimental installation is shown in figure 11. The room 
contains 15 credit authorizing units around the sides, 
each with its section of the quick-reference file. In the 
center of the room are the desks of the supervisors, with 
telephone and tube communication to the accounts receiv¬ 
able department where more detailed information is avail¬ 
able regarding the conditions of the accounts than is avail¬ 
able in the quick-reference files. 

The Recorder 

The recorder is shown in figure (>. It is a combination 
of a punch adapted for remote-control operation, aud a 
tabulator. A stack of blank cards is kept in the magazine 
at the front of the machine, as may be seen in the picture. 
A card is normally always kept in the punching position, 
between the punches and dies, and if there should by ac¬ 
cident be no card there, then an electrical interlock will 
prevent the particular recorder from being selected by the 
automatic switching equipment to receive one of the 
records. In this event a buzzer is also sounded to notify 
the attendant. As the message comes in, in normal op¬ 
eration, the punching is not done step by step, but in¬ 
stead a set basket is set up with the entire message, and 
at the end all the punching is done at one stroke. The 
date of sale is left set up on the set basket all day, so that 
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this does not have to be transmitted. When a sales record 
card has been punched, the card is automatically fed out 
of the punching position into a receiving hopper for finished 
cards at the rear of the machine. 

During the time that the message is coming in, an 
adding and printing unit at the top of the recorder is also 
being set up. All the data are printed; and totals are 
carried along of the sales prices and of the identification 
or serial numbers of the merchandise sold, this latter for 
the purpose of checking withdrawals of inventory cards 
from the file, as already mentioned. 

Another interlock which has been provided on the re¬ 
corder cuts it out of circuit unless the traveling carriage, 
which performs the setting up operation on the set basket, 
is correctly located at the starting position. 

If there should be any lost or mutilated cards, the lists 
and totals are available to check and to make possible re¬ 
placement of the lost cards. However, since the cards are 
produced in the central records room, the chance of losing 
any of them can be made almost nil. 

Coding of Numbers for Transmission 

The usual coding of digits on punched cards involves 
merely pun chin g in the proper one of ten positions num¬ 
bered from 0 to 9 in each column. The use of such a sys¬ 
tem for transmitting would require a large number of re¬ 
lays and conductors, and would require a wide price tag, 
which is considered by retailers as a heavy handicap, be¬ 
cause it spoils the appearance and attractiveness of the 
merchandise. It was therefore decided to adopt the ex¬ 
pedient of multiple punching for the merchandise tag, 
using fewer than ten positions in each column. 

It is possible to code the ten digits by the use of a mini¬ 
mum of four positions, using four single-hole and six 
double-hole codes. However, if a double-hole column had 
one hole accidentally or purposely covered over, there 
would result an incorrect transmittal, and this could not 
be tolerated. With five positions it is possible to have 
ten combinations of just two holes. However, in working 
out the transmitter circuits and the coding device in the 
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Figure 15. Battery of recorders 


punch for producing the inventory cards and price tags 
simultaneously, it was found that a six-position code 
offered many points of superiority, and this was adopted. 
The same code was used also for the identification tokens 
of sales person, customer, and cashier. 

In the transmitter, the six-position code made it possible 
to use three signal wires, each capable of being energized 
positively or negatively, but only two of them to be en¬ 
ergized at one time. This offers 12 combinations, of 
which only 10 are needed. At the central office, a system 
of relays decoded the message so that the recording ma¬ 
chine received the message over 10 signal wires in a single¬ 
hole code. 

The Marking Punch 

The design of the punch for the simultaneous prepara¬ 
tion of the inventory card in single-hole code and the price 
tag in double-hole code seemed to offer some difficulty, 
and the first machine for the purpose embodied two sepa¬ 
rate punches with a set of coding relays connected between 
them. Subsequent thought, however, evolved a much 
simpler and more effective mechanical method of coding, 
which is embodied in the present machine shown in figure 
3. This machine has a slide keyboard, and as a slide is 
moved by hand, a steel rod carrying a lug is moved over 
the tops of the punches below, in the corresponding col¬ 
umn. For the part of the punch which serves to prepare 
the inventory card there is but a single lug, as shown in the 
left-hand portion of figure 12. A continuation of the same 
rod carries four lugs, of which one is partly cut away. The 
top of one of the punches is also partly cut away to match, 
and as may be seen by studying the right-hand half of 
figure 12, the same movement of the same slide and rod 
will produce a two-hole code in the six-position tag while 
producing at the same time the usual single-hole code in 
the inventory card. 

The actual punching is accomplished by the lifting of , 
the die-plate after the entire setup has been completed. 

Printing units are provided for both inventory card and 
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tag, and the setup is accomplished by but a single opera¬ 
tion of the keyboard. The inventory card is imprinted 
only with characters which are needed in identifying it in 
the file, and the printing is done at one end so that space¬ 
saving vertical filing can be used. This is advantageous 
also in that the fingering does not wear or soften the long 
edges which are the ones used in the mechanical feeding of 
the cards. 

In the punch, blank inventory cards are placed in a 
hopper at the front, and blank price tags at the rear. 
The finished cards and tags are discharged into hoppers at 
the middle of the machine. There is an indicator to show 
when one or the other of the magazines runs empty; a 
counter for the number of cards and tags; the operation 
may be controlled for a single card and tag or the machine 
may be made to turn them out continuously at the rate of 
100 per minute. 

The Token Punch 

For punching the tokens, a small lever-set hand-op¬ 
erated punch, with a code bar similar to that used in the 
marking punch, is provided. This punch is shown in 
figure 13. When a token is prepared, a duplicate of the 
punchings is always made simultaneously on a standard 
tabulating card and filed away for reference, so that even 
if an error is made in the punching, it can be discovered 
and rectified later on. 

Traffic Density on Central Records System 

The number of transmitters required in the remote- 
control central records system described depends upon 
the area and arrangement of the selling space of the store, 
and the criteria are the convenience and saving of time of 
the sales employees and the customers, as compared to 
incremental cost. 

The number of recorders required depends only on the 
peak rate of transactions and the time required for re¬ 
cording each transaction. The time required for each 
transaction is five seconds. 

If each recorder were kept busy continuously, it could 
handle 12 transactions per minute or 720 transactions per 
hour. However, it is known that the transactions will 
not occur evenly throughout the hour, but will occur more 
or less at random. Sufficient additional transmitters have 
to be provided to take care of the brief peaks of traffic 


which will take place owing to this random distribution. 
It is impossible to avoid some possibility of delay in re¬ 
cording a transaction without providing a recorder for 
each transmitter, which is economically unfeasible. Some 
practical compromise must be reached between the two 
extremes mentioned. 

The consideration of traffic density is a problem in the 
theory of probability similar to trunking and other traffic 
problems in the telephone industry. A solution appli¬ 
cable to the case at hand has been worked out and charted 
by E. C. Molina, 2 and a set of curves derived from his 
article is presented in figure 14. The upper curve of the 
chart, marked 0,” shows the relation which exists 

between the number of transactions per hour and the 
number of recorders required if the system is to be oper¬ 
ated on a basis of one transaction out of every hundred on 
the average being delayed at all in transmitting. For 
example, if the rate is 10,000 transactions per hour, then 
24 recorders would be required on this basis. 

The second curve of the chart, marked “T> 5,” indi¬ 
cates the relation of the number of transactions per hour 
and the number of recorders where one transaction out of 
each 100 would be delayed more than five seconds before 
transmitting. On this basis there would be required only 
17 recorders to take care of 10,000 transactions per hour. 

The third curve, marked “T>10,” represents the rela¬ 
tion existing when one transaction out of 100 will meet 
with a delay of more than ten seconds before being trans¬ 
mitted. 

Naturally, the number of recorders which can be de¬ 
pended on for continuous use will be one or two less than 
the total n umb er installed, to allow for repairs and main¬ 
tenance. 

The numbers of the different units in the experimental 
installation were: 250 transmitters, 20 recorders, and 15 
credit authorizing units, to handle a peak transaction rate 
of 9,000 per hour, of which about half were charge trans¬ 
actions. During very busy times, however, charge trans¬ 
actions of very small amount are allowed without specific 
reference to the credit authorization files. 

Bibliography 

1 Operating Results of Department and Specialty Stores in 1920-36 
(17 separate reports). Harvard University, Graduate School of Business Ad¬ 
ministration. 

2. Application of the Theory of Probability to Telephone Trunking 
Problems, Edward C. Molina. Bell System Tech . Jour., volume 6, 192T, page 
461. 


February 1938 , Vol. 57 


Woodruff—Remote-Control Accounting 


Transactions 87 
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Synopsis 

This paper deals with the magnitude of currents in a 
secondary a-c network due to a line-to-line fault on the 
high-voltage feeder, and gives the analysis of the double- 
unbalance circuit resulting when a network protector fails 
to open during such a fault, and one of the protector fuses 
blows. Results of field tests made on an actual network 
are included. 


Introduction 


single-conductor lead-covered cable, the neutral consisting 
of a copper conductor in parallel with its sheath and the 
sheaths of the phase cables. Figure 2 shows the flow of 
currents in the network due to a line-to-line fault on the 
primary feeder, after the feeder breaker at the station has 
opened. It will be noted that one fuse carries twice the 
value of current flowing in the other two fuses. It can 
be shown that the value of current in the fuse carrying 
the greatest current is equal in magnitude to the current 
which would be carried by the fuse for the case of a three- 
phase fault. In all cases this value of current is great 
enough to cause the fuse to blow. At the time this fuse 
blows the remaining two fuses will be intact since they 


I N a low-voltage network, the network protector is de¬ 
signed to open automatically for all faults on the high- 
voltage feeder supplying the network. In order to pro¬ 
vide back-up protection in case a protector fails to open 
for a feeder fault, fuses are incorporated in the phase leads 
of the protector. The minimum rating of these fuses is 
limited to some extent because the fuses should not blow 
for faults on the low-voltage network. On the Common¬ 
wealth Edison Company a-c network, the fuses used on 
300-kva transformer banks are rated at 1,500 amperes and 
those on 500-kva banks at 3,000 amperes. 

With the rating of fuses limited by the restriction given 
above, it is desirable to determine whether or not the vari¬ 
ous types of primary faults will cause the fuses to blow, 
in case a protector fails to open for some reason or other. 
Calculations show that for three-phase faults the magni¬ 
tude of the fault currents in a typical network, will always 
be great enough to blow the protector fuses. For line-to- 
ground faults on the primary feeder, the magnitude of 
the current through the fuses is well below the fuse rating, 
because the transformer bank is connected wye-delta. 
Hence, fuses cannot clear the transformer bank for line-to- 
ground faults. For line-to-line or two-line-to-ground 
faults, the analysis of the circuit is more complicated. 
These types of faults cause unequal currents to flow 
through the fuses and in many cases only one of the three 
fuses will blow. The purpose of this paper is to show 
the results of an investigation made to determine the mag¬ 
nitude of currents in a network for line-to-line faults. 
This investigation included field tests as well as an analyti¬ 
cal study. 

Figure 1 is a one-line diagram of a typical network sys¬ 
tem. The secondary of this system is four-wire, using 
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carry only half the value of current Figure 3 shows the 
circuit conditions resulting after the first fuse has blown. 
The current now flows through the two remaining con¬ 
ductors and returns over the neutral path* Since the 
impedance of the neutral path is comparatively high, the 
value of current flowing through the two fuses decreases 
in value after the first fuse blows. This reduced value of 
current in many cases will not be high enough to blow the 
two remaining fuses and the transformer bank will not be 
cleared from the network. If there is more than one trans- 
ormer bank in a single vault, the reduction in current 
a ter t e first fuse blows, will not be great enough to pre- 
vent the remaining fuses blowing. 

Discussion of Calculations 

The solution of the circuit for the conditions shown in 
tigure 2 presents no unusual problem. The fault currents 
owing mt e circuit of figure 3 were first determined by 
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solving the simultaneous circuit equations based on Kirch- 
hoffs laws. However, it was recognized that this circuit 
was an interesting case of problems dealing with simul- 
teneous faults on a balanced three-phase system, and could 
be solved using the method of symmetrical components. 
The two simultaneous faults in this case are the line- 
to-line fault on the high-voltage feeder and the open- 
circuit in the phase in which the low tension fuse is blown. 
The analysis of the problem using the method of symme¬ 
trical components is shown in the appendix. The results 
obtained using this method checked of course with those 
obtained using the first method, and the labor required 
for the solution was considerably shortened. 

Table I gives the results of calculations made to de¬ 
termine the value of current flowing through the trans¬ 
former windings for the case of a line-to-line fault on 
the high-voltage feeder, after the feeder breaker has 
opened. The equivalent system behind this transformer 
which was not cleared has been expressed in terms of an 
equivalent length of secondary cable between this trans¬ 
former and the remainder of the system. 

Description of Tests 

In order to check the accuracy of the assumptions made 
in these calculations, it was decided to perform tests on a 
section of the actual a-c secondary network of the Com¬ 
monwealth Edison Company, shown in figure 1. Tests 
were made at locations designated as vaults number 1 and 
number 2, which are supplied from the same high-voltage 
feeder. The fault was applied by closing two line discon¬ 
nects to ground at the station, and was initiated and 
cleared by means of the station oil circuit breaker. At 
each location two tests were made: first with the A 


STATION BREAKER OPEN 



Figure 2. Flow of current in a network due to a line-to-line 
fault on the primary feeder 


phase fuse removed and second with all fuses in. Table 
II gives the results of these tests. 

Discussion of Test Results 

At both test locations, when the fault was applied with 
the A-phase fuse in, only this fuse was blown. The cur¬ 
rent was reduced to such a value in the remaining phases 
that these fuses did not blow and the fault was cleared 
by opening the oil circuit breakers at the station. 

The test values checked essentially with the calculated 
values of current. The results verified the assumption that 


Table I. Transformer Secondary Currents for Line-to-Line 
Feeder Faults 


Trans- Fuse Equivalent Length of Approximate Fault Current^, 

former Size Secondary Mains to Banks Before first After first 

Kva (Amp.) Supplying Fault Current fuse blows f use blovrs 

A B C B C 


300.1,500.100 feet 

300.1,500.200 feet 

300.1,500.300 feet 

300.1,500.400 feet 

500.3,000.100 feet 

500.3,000.200 feet 

500.3,000.300 feet. 

500.3,000.400 feet. 


9,900-4,950-4,950. .3,150-3,150 
7,000-3,500-3,500.-1,860-1,860 

5.600- 2,800-2,800. .1,320-1,360 
4,500-2,250-2,250.. 1,020-1,020 

13,100-6,550-6,550. .3,600-3,600 

8.600- 4,300-4,300. .2,000-2,000 
6,300-3,150-3,150. .1,400-1,400 
5,000-2,500-2,500. . 1,060-1,060 


Notb: Calculations based on 5 per cent impedance transformers, four single¬ 
conductor cables in a duct, 350,000-circular-mil phase cables, and 4/0 neutral 
cable, the arrangement of conductors assumed to be a square with the conductors 
as dose together as possible. The effect of stray ground current was neglected. 


Table II. Results of Tests 


A-Phase A-Phase 

Fuse Out Fuse In 


Vault 1 

A-phase amperes 
B-phase amperes 
C-phase amperes 

Vault 2 

A-phase amperes 
B-phase amperes 
C-phase amperes 


0 

5,680 

1,500 

2,840 

1,500 

2,840 

0 

10,400 

2,700 

5,200 

2,700 

5,200 


the effect of the stray ground current was unimportant. 
It will be noted that the current in the B and C phases is 
reduced to approximately 50 per cent of the initial value 
in both calculated and test results. 



Figure 3. Flow of currents in a network, due to a line-to-line 
fault on the primary feeder, with the A-phase fuse blown 


Appendix—Solution of Circuit of 
Figure 3, by Method of Symmetrical Components 

The circuit of figure 3 can be solved on an a-c calculating board by 
setting up the sequence networks as shown in figure 4. 1 The open 
circuit in phase A. is represented by connecting the three networks 
in parallel at points y and z as shown by the dashed lines. The 
line-to-line fault on phases B and C is represented by the connection 
between the positive and negative sequence networks. This con¬ 
nection must be made through one-to-one insulating transformers 
and because of the delta-wye transformation, the polarity of the 
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Figure 4. Calculating board set-up for the solution of figure 3 
by the method of symmetrical components 

insulating transformer must be reversed from the normal method of 
connection. 

The algebraic solution of this circuit is as follows: 

Relation between currents: 

At open circuit: J 0 + A + j 2 « 0 ^ 

At short circuit: I 2 » /, ^ 

Equating voltages between points and 2 

Vo a tfj = Z>, 

(3) 


(4) 


7oZ 0 = - £ + IiZi + V « / 2 Z 2 - F 
where 

V — voltage across the one-to-one transformer. 

Z 0 , Zj, Z 2 are the sum of the impedances in the respective networks 
Eliminating Io, J 2> and F from (4), we find 

E - I X (Z X + Z 2 + 4Z 0 ) (5) 

Let i be the actual value of current flowing through the transforms 
winding. (7/of figure 3.) 


( 6 ) 


h - 1/3(7. + + a 2 / c ) 

~ 1/3[0 -f- a{—i) -J- a 2 (—i)] 

= 1/3* 

Therefore 

£ - s/3(Z x + Z 2 + 4Z 0 ) 

i/3(Zgi -f- Z(72 “j - 4Zf?o Hh 2Zci Hh 4Z<*o Hh 0Z y) 

Where 

E = Phase-to-neutral voltage on low-voltage network 
and 

7i, h> Io are the sequence currents in the respective networks 
i = actual current in transformer winding. (See figure 3.) 
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Lightning Strength of Wood in Power Transmission Structures 


By PHILIP SPORN 

FELLOW AIEE 

I. Introduction 

LTHOUGH wood has been known to possess the 
excellent properties of mechanical strength in com- 
* ^ bination with insulation strength almost since the 

beginning of the electrical art, its real lightning strength 
was not generally appreciated until within comparatively 
recent years. It is true that it was rather extensively 
used in the past to supply power frequency insulation in 
treated form alone or with transil oil. For example, wood 
either solid or laminated has been employed for years in 
operating rods on oil circuit breakers and in terminal and 
spacing blocks in transformers. The 60-cycle strength 
of wood under those conditions has been studied, and 
although the results were not made available generally, 
the strength factors had been known with considerable 
preciseness for some time. In these applications, how¬ 
ever, the 60-cycle (i.e., power frequency) strength of wood 
has been of paramount interest, and the lightning or 
impulse insulation value of secondary interest, either 
because the latter was considered comparatively unim¬ 
portant or because the impulse strength furnished by other 
insulating members or mediums in the structure was con¬ 
sidered sufficient. 

The use of wood as supporting structures in transmis¬ 
sion and distribution circuits goes back to the beginning 
of the power distribution art. Here, although it has not 
been generally realized, the lightning or impulse value of 
the wood has been utilized consciously or unconsciously 
and more frequently the latter. The conscious realiza¬ 
tion of the value of the lightning strength of wood is 
comparatively recent 1 and goes back little further than 
12 years when a comprehensive study of the lightning 
problem on transmission lines was first undertaken. How¬ 
ever, even this late realization of its value was accom¬ 
panied by very little actual knowledge of the mechanism 
of such insulation strength. Such conscious realization 
was first presented in a paper by Melvin 2 giving the im¬ 
pulse insulation characteristics of wood and of wood in 
combination with insulators. A number of other investi¬ 
gations 3 ~ 8 have been described since then, each of which 
added to our store of knowledge. However, it was felt 
that certain vital factors had been given little or no study, 
and that insufficient data were available on the volt-time 
characteristics of wood in its various forms and in com¬ 
bination with porcelain. Further, little distinction has 
heretofore been made on the effect of the polarity of the 
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impulse on wood flashover. Again, few test data have 
been given on actual assemblies of full-fledged transmis¬ 
sion lines. 

II. Purpose and Scope of Investigation 

In the light of the above, the authors undertook a very 
comprehensive investigation of the lightning strength of 
wood alone, as used in transmission structures, and in 
combination with porcelain insulators (pin and suspen¬ 
sion) to determine: 

(а) . The volt-time characteristics of the materials in question. 

(б) . Polarity effects, that is, the variation of the characteristics 
with positive and negative surges 

( c ) . The effect of moisture. 

( d ) . The effect of age. 

(g). The effect of the material employed, such as cedar, pine, and 
fir. 

(/). The effect of treatment, particularly creosoting which is com¬ 
ing more and more into common use. 

In the course of this investigation actual impulse tests 
were made on pole structures as used in the past few years 
on transmission lines, both for 33-kv and 66-kv service. 
Here tests were carried out on actual pole-line assemblies 
as they existed before and after structural changes were 
made to take advantage of the wood impulse insulation 
strength. 

III. Test Equipment and Procedure 

All of the flashover studies were carried out in the Ohio 
Brass High-Voltage Laboratory at Barberton with surges 
applied from the 3,000,000-volt impulse generator. The 
standard IV 2 by 40-microsecond wave was used, thereby 
allowing comparison with the impulse data of other insula¬ 
tion for the purpose of system co-ordination. Both posi¬ 
tive and negative surges were applied in practically all 
cases, and oscillograph records were secured of the result¬ 
ant voltage waves. From these oscillograms the volt and 
time data were taken for plotting the various curves here 
given. 

Figure 1 illustrates some of the typical oscillograms, 
with impulses applied ranging from full waves to waves 
resulting in flashover of the structure under test in 1.8 
microseconds. The nesting of the curves, as shown, is a 
very effective method of accurately correlating the rec¬ 
ords as the test work progresses, as well as greatly reduc¬ 
ing the time otherwise required in changing film. 

All flashover values were corrected to standard air 
density conditions. Inasmuch as no humidity correction 
factor for wood has been established as yet, no corrections 
were made for this atmospheric factor. To make possible 
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a proper comparison therefore 
of wood, porcelain, and air- 
flashover values, the latter 
two were corrected to the 
humidity at which the wood 
specimens were tested. 

The wood crossarms studied 
consisted of typical specimens 
of untreated and creosote 
dipped Douglas fir, and creo¬ 
sote impregnated pine. Cross- 
arm sizes varied from three 
and one-half by four and 
one-half inch to six by 
eight-inch cross section. In 
most cases new and old 
specimens were used, the lat¬ 
ter having seen varying years 
of field service up to about 
ten years. For pole members, 
red cedar and creosoted pine 
were used, new and similar 
old specimens being chosen 
here as well. 

Various lengths of indi¬ 
vidual wood specimens were 
flashed over in order to de¬ 
termine the impulse strength 
furnished by each. Braided 
copper bands which could 
be moved along the wood 
were employed as electrodes, 
and the wood lengths tested 
varied from a few inches 
up to eight feet. Voltage 
from the impulse generator 
was always applied to one 
band while the other band 
was grounded. In each case 



Fisure 1. Typical oscillograms of impulse tests on wood and wood-porcelain struc¬ 
tures. The above tests were made on three 5- by 10-inch suspension insulators plus 
rour feet of creosoted pine crossarms with 1V£x40 microsecond positive polarity 


the wood specimen was suspended at a distance from 
ground equal to several times the length of gap being 
t^ted, in order to allow as little interference as pos¬ 
sible with the field surrounding the wood gap. In 
securing flashover data upon successive lengths of the same 
specimen, care was taken to avoid wood surfaces which 
were too badly splintered from previous discharges. A 
certain amount of splintering had no appreciable effect 
upon the flashover voltages, although badly shattered 
members showed some reduction of insulation strength. 

ests were made on combinations of wood and porcelain 
to determine the total insulation strength afforded. In 
these studies varying sizes of pin-type insulators and 
lengths of . suspension strings were used. These were 
mounted on the several types of crossarms noted above 
and flashover made with different lengths of wood in series 
with tire insulator units. In this way the effect of various 
combinations of porcelain and wood insulation were in¬ 
vestigated. An effort was made to confine the tests to 
Mjnalions^hich were typical of field installations. 
Figure 2 illustrates such a typical specimen on test. 


IV. Test Results—Structure Members 

1. Crossarms 

Eleven crossarm specimens of the three types of wood 
previously noted were given impulse flashover tests, and 
volt-time curves plotted from the oscillograph data. 
Figure 3 illustrates two sets of such curves for 12-inch 
and 36-inch wood gaps. Corresponding NEMA rod-gap 
curves are also given in order to show the comparative 
volt-time characteristics of air gaps. In figure d are 
given the minimum and two-microsecond flashover values 
for various lengths of wood arms. 

These arms were of various cross sections. It being 
quite apparent from the test data that cross section is a 
vital factor in the impulse flashover value of an arm an 
effort was made to determine the effect of this factor upon 
impulse insulation strength. Accordingly, new curves 
were plotted of flashover voltage against cross-sectional 
area. Figure 5 (A and B) shows such curves for creosoted 
and untreated fir, and creosoted pine. It will be noted 
that these are practically straight lines with flashover 
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Figur* 2. Typical impair* fUjhovtr in the laboratory of 33- 
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Figur* 3. Intpuit* flaihoyer of wood cronarms of 20-square- 
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decreasing with increased cross section. Most of these 
data were obtained at a humidity of 0.4 inch of 
mercury-vapor pressure. The NEMA rod-gap flashover 
values for this humidity were selected and plotted for 
zero cross section of wood. It will be noted that at 
m i nim u m flashover these air-gap values lie on the wood 
flashover curves. For the 2-microsecond points they lie 
above the wood curves, indicating that the air gap has a 
steeper volt-time curve, and therefore greater time lag 



Figure 6. Volt-time characteristics of 36-inch crossarms; 20- 
square-inch cross section; of various woods; positive polarity 


than the corresponding wood gap. This decrease of flash- 
over strength with increase of cross section is probably due 
to the fact that there is a greater chance of weaker flash- 
over paths, the larger the wood cross section. Obviously, 
too, the larger members have more chance of retaining 
internal moisture and other impurities which lessen the 
insulation strength. It will be noted, too, that the steep¬ 
ness of the curves is greatly influenced by the class of wood 
and treatment. The rapid decrease of strength in the case 
of the pine arms was unexpected and further work is to be 
done to check this. 

In figure 6 there is plotted a form of volt-time curve ex¬ 
pressing ratios of overvoltage to minimum flashover in 
order to permit a direct comparison of the insulating prop¬ 
erties of the various materials involved. It will be noted 
that the rod-gap curve is the highest one of the group. 
Its characteristics are approached only by the creosoted 
pine members, the old pine having been found to lie ap¬ 
proximately on the air-gap curve. These curves also 
illustrate why the minimum flashover values of the rod 
gap on figure 6 A coincide with the zero cross sections of 
wood, whereas the 2-microsecond values do not. The 
corresponding true volt-time curves of any of the materials 
shown obviously can be plotted by using the proper 
minimum flashover values and multiplying by the cor¬ 
responding ratios shown in figure 6. 

2 . Wood Poles 

In figure 7 there are plotted the minimum flashover 
voltage values of various lengths of pine and cedar poles. 
In order to illustrate the time-lag characteristics of these 
members, volt-time curves of the eight-foot sections have 
been plotted in figure 8. On this figure are included cor- 
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Figure 7 (left). 
Impulse flashover 
characteristics of 
wood poles; mini¬ 
mum positive 
polarity 
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Figure 8 (right). 
Volt-time charac¬ 
teristics of eight- 
foot wood-pole 
sections (positive 
and negative val¬ 
ues are approxi¬ 
mately equal) 
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Flgurt 9. Variation In impulit fl«iKov*r characterbtici of 
wood polti, night-foot length; poiitivc wave {positive end 
negative veto** approximately equal) 



W000 GAP-INCHES 



Figure IOC. Impulse insulation added to pin insulator by 
creosoted or untreated fir crossarm; minimum wave values. 
Insulators used same at shown in table of figure 10 A 



A-Positive polarity 6—Negative polarity 


responding spacing* of rod gap and newly creosoted pine 
poles. It will be noted that the latter two represent the 
upper and lower limits respectively of insulation strength. 
A further examination will show that at minimum wave 
values, the insulation value of the plain rod gup is as 
much higher than the older wood members as the latter 
ore higher than the newly creosoted pine poles. The 
last were tested within a week or so after leaving the 
treating plant, and it is felt that their reduced insulating 
properties were due largely to the moisture retained within 
them. Over 50 of these poles were used and numerous 
tests made. In figure 0 is plotted the band within which 


data obtained in some wood tests. It is pertinent, however, 
to note that this spread was found to be somewhat greater 
with the new, moisture-ladcn poles than was the case with 
the older and drier specimens. This lower insulation 
strength of new, undried poles would seem to account 
for the more frequent flashover and splitting often en¬ 
countered during the first year's operation of newly creo¬ 
soted poles, as compared to their performance after 
several years. 

3. Wood Purs Pin Insulators 

Figure 10 (A and B) shows data obtained on combina¬ 
tions of several pin-type insulators, and various lengths 
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these values fell. This is typical of the spread in the test 
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Figures 11A and 11B. Impulse flashover characteristics of pin insulators plus fir crossarms 

A —Positive polarity B —Negative polarity 


of wood arm. The curves for “wood only’ 7 show the 
insulation supplied by the wood alone. At the zero wood 
gap points are plotted the corresponding flashover voltages 
for the insulators only. It will be noted that for lengths 
of wood arm beyond approximately 10 to 12 inches the 
curves become straight lines and the insulation strengths 
increase almost in proportion to the lengths of wood added. 
In fact a composite plot of data from tests on the several 
forms of wood and sizes of insulators indicated that the 
amount of insulation added by 
the wood is almost proportional 
to the length of arm regardless 
of the insulator used or the wood 
treatment. This is shown in 
figure 10C. In the case of the 
positive surges the curve slope 
shows an insulation increment of 
about 130 kv per foot of wood 
and for the negative surges 
about 110 kv per foot, these 
values representing minimum 
flashover values. 

In figure 11 (.A and B) are 
given the overvoltage character¬ 
istics of pin insulators on wood 
arms. These curves are derived 
from data taken on both creo- 
soted and untreated arms as 
it was found that the wood 
treatment had comparatively 
little effect upon the result¬ 
ant insulation strengths of the 
arm and insulator combinations 
tested. 


4. Wood Plus Suspension Insulators 

The flashover data obtained with suspension insulators 
on wood arms were analyzed in the same manner as the 
data on pin insulators. Figure 12 (A and B) gives the 
positive and negative flashover voltage of various lengths 
of fir arms in series with suspension units. 

To show the insulation strength added to suspension 
insulators by wood crossarms the curves of figure 13 were 



Figures 12A and 12B. Impulse flashover characteristics of 5-inch by 10-inch 
suspension insulators plus fir crossarm/ minimum flashover 

A Positive polarity £—Negative polarity 


96 Transactions 


Sporn, Lusignan—Lightning Strength of Wood 


Electrical Engineering 













RATIO — OVERVOLTAGE TO MIN. PLASHOVER 




Figure 13. Impulse insulation added to suspension insulators 
by crossarms—minimum wave values 

o—Creosoted pine 
x—Untreated and creosoted fir 

Figures 14A and 14B. Impulse flashover characteristics of 
suspension insulators plus fir crossarm, one to four feet long 


A —Positive polarity 
B —Negative polarity 



Table I. Comparison of Calculated and Measured Impulse 
Flashover of 33-Kv Wood Pole (See Figure 1 5) 


Member 

Location 

Min. Wave 

At 2 Ms. 

Pos. 

Reg. 

Pos. 

Neg. 

Case 1. Phase-to-ground flashover in kv (wood values from figures 4 and 6) 

Insulator. 

(a) 

-175 

.225 

..236 

. ..248 

31 / 2 * Wood. 

(*) 

....65 .. 

. 65 

.. 85 

... 85 

Sum. 

■ (a)(b) 

_240 

.290 

. .321 

. ..333 

Measured. 

■ (<*)(&) 

....214 

,256 . 

..300 

. . .276 

Ratio—Measured /sum. 

.... 0.89.. 

. 0.88. 

.. 0.93 

... 0.83 

Case 2. Phase-to-phase flashover- 
and 6) 

—horizontal in 

kv (wood values from Figures 4 

Insulator. 

(a) 

-175 

.225 

. .236 

...248 

3i h* Wood. 

(b) 

.... 65 .. 

. 65 

.. 85 

...85 

3 i/t* Wood. 

(c) 

.... 65 

. 65 

.. 85 

...85 

Insulator.. ... 

M> 

_225 

.175 

..248 

...236 

Sum. 

•(am (cm 

....530 

.530 

..654 

...654 

Measured. 

(a) (b) (c) (d) 

....395 

.420 

. .500 

...540 

Ratio—Measured /sum. 

_ 0.74.. 

. 0.79. 

.. 0.76. 

... 0.82 

Case 2A. Same as (2) but calculated from combinations of insulation plus wood 

F.O. in Kv (wood values from figures IOC, 11A, 

and 11JB) 



Insulation and wood. 

(a)(b) 

....205 .. 

.245 

..265 

...295 

Insulation and wood. 

(cm 

245 

.205 

..290 

. ..265 

Sum. 


....450 

.450 

..560 . 

...560 

Measured. 

(a)(b)(c)(d). 

....395 

.420 

..500 . 

...540 

Ratio—Measured /sum. 

.... 0.88.. 

. 0.93.. 

.. 0.89 

..0.96 


developed for both positive and negative impulses. It 
will be noted that the wood adds more insulation to the 
shorter string lengths. This is probably due to the voltage 
distribution between the porcelain and wood insulations 
in series, as affected by their relative capacities, a point 
which is being given further study. Another interesting 
factor developed was that although fir arms have higher 
flashover values than creosoted pine arms when alone, 
there seems to be little difference between the two when 
assembled with insulators. This is clearly indicated in' 
figure 13. The wood values in these curves may be used 
with suspension units of any of the standard dimensions. 
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The time-lag characteristics of typical suspension in¬ 
sulators on wood arms from one to four feet long are given 
in figure 14 (A and B). 

V. Test Results—Complete Structures 

Laboratory studies were made of typical transmission 
line structures in order to determine how well their insulat¬ 
ing properties could be calculated from the flashover values 
of the component parts, these latter values being secured 
from data curves such as given in the previous figures. 
Figure 15 shows one of the 33-kv structures, (A) being the 
arrangement before, and (B) the arrangement after, con¬ 
struction changes had been made to gain lightning insula¬ 
tion. 

Table I gives the data obtained from such an analysis 
and test. Separate data corresponding to the various 

Figure 15. 33-kv structure before and after redesign to in¬ 

crease its impulse strength. Note the use of wood crossarm 
braces, and the down lead offset from the pole in B 




parts or members of the structure analyzed and tested are 
given. In each case the values given for the individual 
members, such as insulators, wood sections, and air gaps, 
are from the particular flashover voltage curve correspond¬ 
ing to that member. The stated sums of these values are 
the arithmetical sums and these are compared by ratio 
with the actual measured values secured by test on the 
particular group of members. 

In the first case analyzed in table I namely that of a 
phase-to-ground flashover on a 33-kv insulator and arm 
combination, the ratios of the sums of the voltages of the 
separate members to the measured voltage of the combina¬ 
tion is seen to be around 0.90 or 90 per cent. This ratio 
was found to be about the order of magnitude generally ob¬ 
tained in the case where the sum of the flashover voltages 

Figure 16. 66-kv structure before and after changes in de¬ 
sign to better utilize impulse insulation of wood. The down 
lead has been offset, but the metal braces retained 
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Figure 17. 33-kv wood-pole structure being impulse tested Figure 18. 66-lcv wood-pole structure flashing over on 
in the laboratory. Flashover is taking place across the top laboratory test from conductor to down lead by way of the 
crossarm, line to line crossarm, brace, and wood pole 


of two single members or groups of members are compared 
with the actual flashover value of the group. In the case 
where four single members or groups of members are 
involved, a ratio of about 0.75 or 75 per cent was found 
to hold. This is brought out in the second case of table I, 
where the sums of the individual flashover values of two 
insulators and two sections of wood are compared with the 
test values of the combination. 

On the other hand if the four members involved, namely, 
two insulators and two wood sections, are grouped in pairs, 
each consisting of an insulator and a wood section, values 
may be chosen from figures 10C, 11 A, and 11.B. This 
results in a ratio of approximately 0.90 or 90 per cent as 
noted for case 2A. 

In adding these phase-to-phase values, it will be noted 
that values of opposite polarity are selected for the insula- 


Tablc II. Impulse Flashover Characteristics of Wood Struc¬ 
tures; Ratios of Measured to Calculated Values by Summa¬ 
tion of Elements 


No. 

St ruc . of Min. Wave At 2 Ms. 

ture Flashover Ele- - -* 

Ref. Type Path ments Pos. Neg. Pos. Neg. 


1 

2 

3 

4 

5 

6 


33 fcv. .Phase to Ground Wire.. 
33 kv. .Phase to Phase (Hor.)... 
33 kv. .Phase to Phase (Hor.)... 

33 kv. .Phase to Phase (Hor.)... 
33 kv. .Phase to Phase (Hor.)... 
33 kv. .Phase to Phase (Vert.).. 


2 ..0.89..0.88..0.93..0.83 
4 ..0.74..0.79..0.76..0.82 
2*..0.88..0.93..0.89..0.96 

4 ..0.74..0.72..0.84..0.68 
2*..0.95..0.93..1.06..0.85 
2 ..0.96..0.85..0.94..0.85 


7 

8 
9 

10 

11 

12 

13 


33 kv. .Ph. to Grd. Wire. 
66 kv. .Ph. to Grd. Wire. 
66 kv. .Ph. to Ph. (Hor.). 

66 kv. .Ph. to Ph. (Hor.). 
66 kv. .Ph. to Ph. (Hor.). 
66 kv. .Ph. to Ph. (Vert.) 
66 kv. .Ph. to Grd. Wire. 


Average 


1 ..0.94..0.82..1.02..0.96 

2 ..0.87..0.87..0.91..0.91 

4 ..0.72 0.72..0.82..0.82 

2 * 0.92 0.92..1.02..1.02 
2 ..0.86..0.86..0.87..0.87 
2 ..0.89..0.84..1.00..0.91 
1 ..0.93..0.88..0.95..0.90 
l 1 ..0.94..0.85..0.99..0.93 
] 2 ..0.89..0.86..0.93..0.83 
) 2*..0.92..0.92..0.96..0.95 
I 4 ..0.75..0.75..0.81..0.77 


* Each element consisted of porcelain and wood or air. 


tors in each summation. The reason for this is that when 
one conductor is energized and the other grounded the 
insulator supporting the energized conductor experiences 
an electrostatic field of opposite polarity from that of the 
insulator supporting the grounded conductor. In all 
tests made phase-to-phase, the down lead was ungrounded. 

Figure 16 (A and B) illustrates the 66-kv structure 
where the down lead has been moved from the pole to 
secure increased insulation. Figure 17 shows the 33-kv 
structure flashing phase-to-phase on test. Figure 18 
shows a similar flashover, phase-to-ground, on the 66-kv 
structure. 

In table II the ratios of measured to calculated impulse 
flashovers for both 33-kv and 66-kv structures are given. 
It will be noted that where the flashover path is across 
only one or two elements of insulation the ratio is around 
0.90, and where four elements are involved it is around 
0.75. 

The flashover values taken for the air paths in the calcu¬ 
lations are those from the flashover data secured on the 
so-called “standard rod gap.” As this gap is usually 
mounted rather close to ground, it has a distinct polarity 
characteristic, that is, the negative flashover value is 
appreciably above the positive. However, on transmis¬ 
sion structures, air gaps are often rather far from large 
grounded structures, so that there is little to unbalance 
their electrostatic fields and cause appreciable differences 
between the positive and negative flashover voltages. 
For this reason it is felt that the ratio in these tables 
should be somewhat lower where air gaps involve an 
appreciable part of the total insulator path. 

Figures 19 (A and B) and 20 (A and B) were developed 
to show the accuracy with which volt-time curves of com¬ 
plete structures can be calculated from the flashover 
voltage curves of the component parts. In these figures, 
two sets of curves are shown, one the actual measured 
curves, and the other the estimated curves secured by 
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adding component voltages and multiplying by 90 per 
cent or 75 per cent dependent upon whether two or more 
figures were added, as discussed above. It will be noted 
that the two sets of curves agree rather well. 

These curves also show the increased impulse strength 
obtained by the change in construction, that is, by using 
wood braces and offset down lead on the 33-kv structure, 
and by offsetting the down lead alone on the 66-kv struc¬ 
ture. 

A short series of wet tests on wood structures was also 
made. These tests are not reported here in detail. They 
apparently indicate, however, that the impulse flashover 
voltages would be little affected at short-time lags (less 
than 4 microseconds), but that at long-time lags and at 
minimum flashover, appreciable reductions might be 
experienced. In some cases the flashover voltages were 
decreased 50 per cent. Additional tests are being made 
on structures under wet conditions to obtain more com¬ 
plete data on their flashover characteristics. 

VI. Conclusions 


preciable impulse insulation on lines using both pin insulators, where 
the impulse insulation is comparatively low, and on suspension insu¬ 
lators in the higher-voltage ranges where the insulator strings 
normally have a relatively high insulation strength. 

Impulse insulation supplied by wood crossarms in com¬ 
bination with pin insulators is in the order of 110 to 130 
kv per foot for minimum waves and somewhat higher for 
short-time lags. 

Tests on individual members as well as complete struc¬ 
tures indicate that the flashover path changes as the over¬ 
voltage increases. For example, in some cases, flashovers 
appearing through air for minimum waves will take a 
path across the wood as the overvoltage increases due to 
the faster rising volt-time characteristic of the air gap 
breakdown. 

3. The flashover of wood insulating members is affected by the 
cross-sectional area of the wood, being in general lower the larger 
the wood section. The factors producing this result are not well 
understood and the subject should be further investigated. 

4. The type of wood commonly used, for example, fir or pine, as 
used in crossarms, influences the flashover characteristics, fir having 
slightly higher flashover voltages than pine. 


As a result of these tests comprising the application The V olt-time characteristics also are different for the 
of some 4,000 to 5,000 individual impulse voltages on wood two woods, the characteristic for pine being steeper at 
alone and in combination with porcelain, both on indivi- short-time lags than for fir. 

dual members and actual structures, the following con- When used in combination with porcelain insulators, 
elusions seem to be justified: however, these different characteristics do not appear to 

1. Wood has a definite and sound field of application in supplying important. 

insulation against lightning voltages on wood structures such as are , . 

commonly used for transmission and distribution circuits. 5 ‘ lmpuls ® fl f hover of “dar or aged pme wood poles appears 

to be very much the same and independent of treatment in lengths 

2. The wood in crossarms can be taken advantage of to supply ap- up to six feet. For greater lengths, a slight difference is indicated 


but of relative unimportance in selecting wood-pole material. New 
creosoted pine poles have considerably less impulse strength at 
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6. The few tests made on wood under wet conditions indicate that 
its insulation strength is considerably decreased by the presence of 
moisture and rain. The preliminary work carried out indicates a 
reduction in impulse insulation of some 50 per cent under rain condi¬ 
tions. This is another point that needs further investigation. 

7. The impulse insulation of wood in structures alone and in com¬ 
bination with porcelain can be calculated with a considerable degree 
of certainty. It is believed that the data presented here together 
with reduction factors obtained from tests on actual structures will 
be helpful in facilitating such calculations in the design of well- 
balanced wood transmission structures. 

8. The data presented above, in the form of groups of curves giving 
the impulse characteristics of wood under various conditions, greatly 
amplifies our previous knowledge of the impulse insulating properties 
of wood, and should be useful in designing wood transmission 
structures to obtain greater benefit of the wood in supplying impulse 
insulation to the line. This is particularly important in the medium- 
voltage transmission lines where structures are inherently of wood, 
and until recent years, the insulation value of the wood has not been 
generally appreciated or made use of. 

Considerable work still remains to be done in investigat¬ 
ing further the impulse insulation strength of wood under 
various types of treatment, moisture content, and par¬ 
ticularly under wet conditions simulating natural rain. 
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Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following 12 pages appear discussions 
submitted for publication, and approved by the 
technical committees, on papers presented at the AIEE 
Pacific Coast convention, Spokane, Wash., August 31- 
September 3, 1937; and at the AIEE Middle Eastern 
District meeting, Akron, Ohio, October 13-15, 1937. 
Authors’ closures, where they have been submitted, will 
be found at the end of the discussion on their respective 
papers. 

Distortion of 

Traveling Waves by Corona 

Discussion and authors* closure of a paper by H. H. Skilling and P. 
de K. Dykes published in the July 1937 issue, pages 850-7, and 
presented for oral discussion at the power transmission and distribution 
session of the AIEE Pacific Coast convention, Spokane, Wash., Septem¬ 
ber 1,1937. 

L. V. Bewley (General Electric Company, Pittsfield, Mass.): Skill¬ 
ing and Dykes have made a contribution of fundamental importance 
toward the solution of wave distortion due to corona. In 1931 
Skilling developed a formula for the attenuation of the wave, as¬ 
suming the losses to vary as the excess voltage above the critical 
corona voltage, but no provision was made in his formula for the 
associated distortion. In the present paper he has succeeded in 
formulating an equation for the distortion which occurs on the 
front of the wave, and which appears to give surprisingly good agree¬ 
ment with the oscillographic record. 

I wish to point out, however, that his equation does not take 
cognizance of the presence of mutually coupled parallel wires and is, 
in fact, based purely on a single conductor wave. Consequently, the 
authors* statement under “Other Theories” to the effect that there 
would be no sharp distinction between their analysis and multi¬ 
velocity theory is hardly tentable. In the Conclusions of my paper 
“Attenuation and Distortion of Waves/* Electrical Engineering 
1933, attenuation and distortion are attributed to three principal 
causes: (1) multivelocity components, (2) a slippage effect at high 
voltage levels caused by a reduction in velocity of propagation corre¬ 
sponding to the larger diameters Of corona envelope (Boehne’s hy¬ 
pothesis), and (3) energy losses. The distortion described by Skill¬ 
ing and Dykes is that due to (2) and (3), and not to (1). Three con¬ 
ditions must exist before multivelocity waves can develop: (a) 
There must be a mutually coupled multiconductor system, (b) the 
applied waves on this system must be unsymmetrical (for example, 
the main wave impressed on only one of the conductors), and (c) the 
geometric factors determining the electrostatic field must be different 
than those determining the electromagnetic field, which is possible 
with a resistive earth or corona. It is therefore manifestly impos¬ 
sible for multivelocity components to be called into existence if only 
one conductor is present, or if equal waves are simultaneously im¬ 
pressed on all conductors of a system ; and yet the Skilling and 
Dykes distortion is active under both these conditions. I think, 
therefore, that the crucial test of their formula is to those situations 
where multivelocities do not exist to mask the results, and thus hin¬ 
der the segregation of this particular effect. 

Contrary to the view expressed by the authors I do not believe 
that multivelocity components are comparatively negligible at high 
corona voltages. As shown in my paper referred to, corona calls 
into existence components of an essentially different character than 
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those due to a resistive ground. This is startlingly revealed by the 
shape of the waves induced on adjacent conductors. In the case of 
corona in the presence of a resistive ground the fast and slow com¬ 
ponents of the induced wave are of the same polarity; whereas with¬ 
out corona they are of opposite polarity. This vital difference shows 
up on the oscillograms as a step in the case of corona and a loop in the 
case of ground resistance. It is quite interesting to observe in field 
tests a transition from one condition to the other as the voltage of 
the surge attenuates to lower values and the resistive ground effect 
begins to dominate. A further piece of evidence lies in the observed 
fact that in the presence of ground wires the attenuation is initially 
more but finally less than without ground wires. 

It will be seen that the authors secure a much better agreement 
with tests on their single-conductor line than with the published os¬ 
cillograms of other investigators who used multiconductor lines. 
This is because the waves have been retarded more by the separa¬ 
tion of multivelocity components. Referring to figure 1 of the Brune 
and Eaton paper “Experimental Studies in the Propagation of 
Lightning Surges in Transmission Lines/* waves C, D, and N were 
impressed on all three conductors, and it is dear that they differ 
materially from the others which were impressed on only one con¬ 
ductor of the system (and therefore developed multivelocity com¬ 
ponents). .1 suggest that Skilling and Dykes adjust their equation 
to waves C, D, and N of the Brune and Eaton paper, since these 
waves are not further distorted by multivelocity components. In 
this way the effect which they are studying is more accuratdy se¬ 
gregated. While I do not hold that the multivdocity components 
are the chief culprits in the attenuation and distortion accompanying 
corona (see fourth paragraph under the Conclusions of my paper re¬ 
ferred to above), yet I fed that they are important enough to mess 
things up when a worthwhile attempt is being made to segregate the 
corona energy loss factor. There are so many factors responsible 
for attenuation and distortion (corona, resistive grounds, skin effect, 
leakage conductance, series resistance) that an investigation of any 
one of them should endeavor to isolate that one alone as nearly as 
possible. 

Concerning the filling in of the tail of a wave, the authors have re¬ 
peated the explanation given by Brune and Eaton. They seem in¬ 
clined to ignore it for “practical cases** which is questionable advice. 
The wave tail is important in station protection problems, because 
when the wave impinges on the station capacitance the resultant 
voltage is*very much dependent on the length of the wave, and will be 
greater the more the wave is filled in. In order to estimate the 
amount of this filling in I have, on occasion, gone to the other ex¬ 
treme and assumed that all of the space charge returns to the wave 
as its tail decreases. Thus in an article “Protection of Stations 
Against Lightning** by Bewley and Rudge, G. E. Review, August 
1937, a chart is given based on the assumption that the surge at¬ 
tenuates in accordance with the Foust and Menger formula, and that 
the charge of the wave remains constant. Actually, of course, a 
large amount of the space charge never returns to the conductor 
until after the passage of the bulk of the wave (particularly in the 
case of positive surges), but the assumption errs on the safe side in 
calculating station voltages. 


H. H. Skilling: The authors find themselves in almost complete 
agreement with the excellent discussion by Mr. Bewley, and wish to 
offer a reply to the question that he has raised. This regards the 
relative importance of the effect of “multivelocity components** of a 
traveling wave and the effect of distortion due to corona, when the 
crest voltage of the wave is substantially greater than the voltage 
necessary to produce corona on the line. 

The question may be stated as follows: Is the distortion of a travel¬ 
ing wave due to geometric factors, such as ground, ground wires , and 
near-by parallel conductors (as considered by Mr . Bewley in the theory 
of multi-velocity components ) negligible when compared to the distor¬ 
tion of the wave due to corona loss, when the crest voltage of the wave is 
much greater than the corona-forming voltage of the line? 

It is certainly true that this question is not answered by the au¬ 
thors in their paper. 

Mr. Bewley offers the following test: “I suggest that Skilling and 
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Dykes adjust their equations to waves C, D, and N of the Brune and 
Eaton paper, since these waves are not further distorted by multi- 
velocity components.” (Waves C, D, and N were impressed on all 
three conductors of the experimental transmission line simultane¬ 
ously, and therefore would not develop multivelocity components.) 

In carrying out Mr. Bewley’s proposal, the authors went a step 
farther and compared computed values of waves with every one of 
the oscillograms reproduced by Brune and Eaton, if comparison was 
possible and appropriate. Brune and Eaton have sets of oscillo¬ 
grams for the following applied waves: their figures 1 and 2 show 
waves A, B, C, D , J, J, K, L , M, N; and their figure 8 shows a nega¬ 
tive wave and a positive wave. Waves K, L, M, and N from figure 
1 must be eliminated from this discussion because they are at all 
times below the corona-forming voltage of the line. The positive 
wave from figure 8 gives no opportunity for useful comparison be¬ 
cause only one oscillogram of that wave is given with crest above the 
corona-forming voltage. There remain, then, waves A, B, C, D, I, 
and J of figure 1, and the. negative wave of figure 8, for comparison 
with computed results. Of these, waves C and D were applied to all 
three conductors of the transmission line simultaneously, while A, 
B, I, and J and the negative wave of figure 8 were applied to only 
one of the three conductors, the other two conductors being present 
but not connected to the surge generator. 

For comparison, curves from Brune and Eaton’s paper are repro¬ 
duced. Waves A and B from figures 1 and 2 of the paper by Brune 
and Eaton appear in figures 8a and 8b, respectively, of the paper by 
Skilling and Dykes (page 855). The other waves appear in figures 
1 and 2 of the present discussion. 

Distortion of all of these waves was computed with the following 
constants: n + *= 2 l / 4 , n~ = 4. No distinction was made between 
the case of waves on one conductor and the case of waves on three 
conductors. Of course, the corona-forming voltage and the ca¬ 
pacitance were different in the two cases, and this was duly taken into 
account in the computation, but the factor n was unchanged. It 
will be remembered that the factor « is not merely an adjustable, 
empirical factor, as explained in the paper (pages 850 and 854), It 
is understood, however* that there is nothing in the authors’ com¬ 
putations that takes into account the effect of near-by conductors on 


which no surge was applied. Consequently, if the distortion due to 
"multivelocity components” is a fairly large fraction of the distor¬ 
tion due to corona there should be decidedly better agreerr ?nt be¬ 
tween the computed results and the observed results when the surge 
was applied to all three conductors in parallel and there were no 
"multivelocity components. ’ * 

Whether or not this is the case is purely a matter of judgment. 
Does it appear that there is better agreement between observed and 
computed results for waves C and D in figure 1 of this discussion than 
there is for waves I and J of figure 1, or for the wave of figure 2, or 
the waves of figure 8 of the paper? If the agreement seems about 
equally satisfactory in all cases (as it does to the authors) then it 
may be concluded that the distortion due to "multivelocity compo¬ 
nents” is, in these cases, very small compared to distortion due to 
simple corona loss, and that the formula (equation 14 of the paper) 
is reasonably correct despite the presence of near-by conductors. 

One interesting detail of figure 2 of this discussion lies in the fact 
that Brune and Eaton give the form of the wave after it has traveled 
2.8 miles, without giving the initial wave form. This figure, then, 
illustrates the statement in the paper that distortion can be pre¬ 
dicted with any known form as data—it is not necessary to know the 
initial form. In fact, the initial form can be computed from the 
form of the wave at a distance of 2.8 miles along the line; this was 
done, and the result is shown in figure 2. Whether or not the com¬ 
puted initial wave is correct is not known, but it is quite consistent 
with other initial waves shown by Brune and Eaton. It must be 
noted, however, that the shape of the initial wave cannot be de¬ 
termined for voltages above the crest of the observed wave. 

There is one point of interpretation on which the authors cannot 
agree with Mr. Bewley. He says, "It will be seen that the authors 
secure a much better agreement with tests on their single-conductor 
line than with the published oscillograms of other investigators who 
used multiconductor lines.” The authors must confess that more 
trouble was encountered in fitting the distortion equation to their 
own results than to the published oscillograms of others. This is 
reflected in table I on page 856. Also it is felt that the poorest agree¬ 
ment appears in figure 3, page 852, where comparison is made to ex¬ 
perimental results by Dykes; and the best in figure 9 qf the paper 
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Figure 2. Negative 
wave traveling on one 
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and figure 2 of the discussion, with waves of Conwell and Fortescue, 
and Brune and Eaton, respectively. 

Finally, the use of a quadratic law of corona loss at power fre¬ 
quency must be explained. It is recognized by the authors that no 
relation so simple as a quadratic law is adequate to account for co¬ 
rona loss, and that this is particularly true for values of voltage in the 
neighborhood of the “corona-forming voltage.” There were three 
reasons for using a quadratic law in this paper: first, it is a good 
analytic expression of the experimental loss curve shown in figure 4 
of the paper, particularly at voltages above 75 kv; second, it is 
simple enough to be handled in the solution of the differential equa¬ 
tion, equation 11 ; third, it is generally known (whether or not it is 
generally accepted) and it can readily be applied to a wide variety of 
conditions. 

Several other expressions for corona loss were tried in the course 
of the study that led to this paper. At one time it was assumed that 
the loss was proportional to the first power of voltage above the co¬ 
rona-forming voltage; this described a traveling wave which was 
reduced at the crest but which maintained a constant slope of front— 
a result that is manifestly incorrect. Another attempt was based on 
loss proportional to the 1.6 power of the total voltage: this gave re¬ 
sults that were good for high voltages, for it is a good approxima¬ 
tion of the corona loss at high voltages, but it did not show a break 
in the front of the wave at the corona-forming voltage. 

If it is possible experimentally to determine the actual corona loss 
on a line under investigation, that may be done. A true analytical 
expression can then be fitted to the loss curve, and equation 11 may 
be rewritten and solved for that special case. 


Transmission Lines at 

Very High Radio Frequencies 

Discussion and author's closure of a paper by Lester E. Reukema pub¬ 
lished in the August 1937 issue, pages 1002-11, and presented for 
oral discussion at the communication session of the A1EE Pacific Coast 
convention, Spokane, Wash., September 2, 1937. 


S. A. Schelkunoff (Bell Telephone Laboratories, Inc., New York, 
N. Y.): In the course of his paper and in the concluding paragraph 
Professor Reukema states that a shorting disk used to short a co¬ 
axial line does not radiate. He further says: “Since such a disk 
does not radiate power itself, it cannot prevent the radiation of 
power through it from the current in the line.” Thus, according to 
Professor Reukema, power is radiated from a coaxial pair shorted at 
both ends with conducting disks and energized by a generator some¬ 
where in series with the inner conductor. But in reality, if the 
outer conductor and the shorting disks are perfect conductors, there 
can be no radiation since the electric field tangential to this outer sur¬ 


face, and consequently the Poynting flux, vanishes. In any prac¬ 
tical case, the outer conductor and the shorting disks are not perfect 
and a small amount of power escapes through them. At high fre¬ 
quencies, however, this power is exceedingly small because of the 
skin effect. In any case, this is not the radiation with which Pro¬ 
fessor Reukema is concerned since his calculations of radiation are 
based upon a tacit assumption that the conductors are perfect. The 
most convincing argument consists, perhaps, of actual calculations 
similar to those contained in my paper on “Some Equivalence 
Theorems of Electromagnetics and Their Application to Radiation 
Problems,” published in the Bell System Technical Journal , January 
1936. These calculations show that the radiation resistance of the 

shorting disk is ohms, where S is the area of the disk (5 = 

tt5 2 — tto 1 ) and X is the wave length. It is assumed, of course, that 
the radii a and b are small compared with the wave length. 

In the section on “Radiation Resistance of Parallel-Wire Lines” 
the total radiation resistance of a circuit comprised of two parts is 
apparently obtained by Professor Reukema by adding the radiation 
resistances of the individual parts without taking into account the 
mutual radiation resistances. That this procedure is dangerous is 
amply shown by the following example. It is well known that the 

(l\* 

radiation resistance of a short wire of length l is 8O71- 2 ( - 1. Applying 
Reukema’s procedure to two short wires, placed end-to-end to make 


a wire of length 21 we obtain 2 X BOr 2 


(O’ 


ohms for the radiation 




resistance of the longer wire, instead of the correct value 807 r 2 l 

ohms. Since the 'latter figure is twice the former, it is evident that 
the mutual terms are equal to the radiation self-resistances. Another 
example is furnished by a coaxial transmission line one-half wave 
length long, open at both ends, and energized from the center. 
The radiation resistance of either conductor is about 73 ohms, bar¬ 
ring small correction terms depending upon the radius (the radius is 
supposed to be small compared with X). If the mutual radiation 
resistances are disregarded, the radiation resistance of the coaxial 
pair becomes 146 ohms. In reality the mutual radiation resistance 
is such that the principal terms in the total radiation resistance can¬ 
cel, leaving only the small correction terms which depend upon the 
radii. In general, the complete expression for the flow of energy per 
unit area is 


E X H - (& + E 2 ) X (Hi + F 2 ) = £ 1 XEi+£ 1 XE 2 + ^ X 

Hi + E* X Hz 

where E\, Hi and Ez, Hz are the fields produced by the currents in 
the separate parts of the complete radiating circuit. Evidently the 
middle terms are the mutual energy terms; they may be either posi¬ 
tive or negative. In very special cases, of course, the middle terms 
may vanish. 


C. W. Hansell and P. S. Carter (RCA Co mm unications, Inc., 
Rocky Point, N. Y.): The section of this paper which treats the 
radiation from concentric lines is of particular interest to us since we 
have had considerable practical experience with numerous trans¬ 
mitters using concentric lines for frequency stability. We disagree 
with the author’s conclusions concerning radiation from concentric 
lines. Contrary to the author’s conclusion there would be no radia¬ 
tion from a concentric line of perfectly conducting material closed at 
both ends. In a practical arrangement wherein the transmitter is 
entirely shielded with copper of ordinary thickness and this shield is 
made continuous with the outside conductor of a concentric line the 
radiation is negligible. Both practice and correct theoretical analy¬ 
sis substantiate the truth of these stat em ents. 

Reukema cites as an example a quarter-wave line for 60,000,000 
cycles per second for which we gave a Q of 20,000 whereas he has 
calculated the Q to be only 3,420. He states that radiation is 5.6 
times the other power losses or 85 per cent of the total power input 
to the line. According to this statement resonant lines should 
radiate almost as much of the total input power as dipole ant ennas 
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Figure 1 


and there should be intense electromagnetic fields in the space sur¬ 
rounding them just as there would be in the space around an an¬ 
tenna. As a matter of fact completely shielded transmitters with 
resonant-line frequency control, such as those in commercial service 
on the radio relaying circuits between New York and Philadelphia, 
operated by RCA Communications, Inc., have so little radiation 
that a sensitive receiver is required to detect their radiation in the 
transmitter room. Even this radiation has been shown, by probe 
tests, to be leaking out over the power leads which are not quite per¬ 
fectly filtered. 

We have some resonant line installations in which power inputs 
to the resonant lines are on the order of kilowatts but still the electric 
fields surrounding them are negligible. If we actually radiated 85 
per cent of the line input power, as Reukema says we do, we know 
from experience with unshielded circuits and indoor antennas that 
the transmitter room would be filled with intense electromagnetic 
energy by means of which lamps could be lighted without wires and 
operators would be subjected to great discomfort from high-fre¬ 
quency heating and artificial fever. 

As a matter of fact Reukema's conclusions are contrary to common 
experience with high-frequency shielding. Most radio engineers are 
so well aware of the effectiveness of shielding that they take it for 
granted a water-tight metal enclosure completely surrounding any 
kind of high-frequency electrical circuit, regardless of shape or di¬ 
mensions, will make the radiation negligible. 

To connect up experience with theory let us consider a concentric 
line made up of perfect conductors which is closed at both ends and 
includes within it a radio transmitter. The energy generated by the 
transmitter is stored in the electromagnetic fields existing in the 
space between the conductors because a perfect conductor can sus¬ 
tain no electric field. In order for energy to be radiated from such 
a line an electromagnetic wave must penetrate the conductor. 
However, an electromagnetic wave cannot exist without storage of 
energy in the electric field and we have just stated that a perfect 
conductor can sustain no electric field. It therefore follows that pas¬ 
sage of electromagnetic waves through the outer conductor and radi¬ 
ation from such a line could take place only by violating the funda¬ 
mental laws of electromagnetic theory. 

The author shows no derivation of the formulas given but, to one 
who is familiar with such problems, it is apparent that perfect con¬ 
ductors were assumed. Since these equations show very definite 
and comparatively large amounts of radiation the question naturally 
arises as to wherein lies the error. The well-known transmission 
line equations are only approximations which, while sufficient for 
most engineering purposes, are inadequate for treating the radiation, 
from a concentric line. It is evident that the current distributions 
assumed in deriving the formulas given were taken from the common 
transmission line equations. A fundamental analysis of a concentric 
line indicates that such current distributions can exist only along 
the central portion of a line many wave lengths long, yet these cur¬ 
rent distributions have been assumed to hold for lines even shorter 
than a quarter wave length. Although an exact solution of the wave 
equation for a finite concentric line having closed ends is exceedingly 
difficult, if not mathematically impossible, we can state that no dis- 


the radiation passing through copper of any thickness ordinarily 
used would be of an infinitesimal amount in comparison with the 
quantities under consideration in the formulas of this paper. 


W. P. Mason (Bell Telephone Laboratories, Inc., New York, N. Y.): 
In his interesting paper on radiation from transmission lines Pro¬ 
fessor Reukema has made some valuable calculations on the effect of 
radiation on the Q of balanced and concentric lines which should be 
a contribution to their use as circuit elements. He appears to feel, 
however, that the use of crystals in the ultrahigh-frequency region 
is not feasible, for he states that “The Q of a crystal (defined as the 
ratio of its inertial reactance to its frictional resistance) is inversely 
proportional to the frequency and assumes such a low value at the 
ultrahigh frequencies as to be practically worthless for frequency 
stabilization.” He mentions values of the Q of a crystal as 170 at 
30 megacycles and 17 at 300 megacycles. Fortunately these state¬ 
ments do not agree with our experience. 

Since no published values of the Q’s of crystals over wide fre¬ 
quency ranges are available it was thought worth while to measure 
a number of crystals covering a wide frequency range. Accordingly 
a number of AT and BT crystals whose fundamental frequencies 
varied from 800 kilocycles to 20 megacycles were measured. The 
Q of a crystal is defined with respect to the equivalent circuit of the 
crystal shown on figure 1. Here the static capacity of the crystal is 
designated by C 0t while the effect of the motional impedance of the 
crystal is represented by the series resonant circuit Li, Ci, and R\. 
The Q of the crystal is defined as the ratio (2Trf R Li)/Ri where /r is the 
resonant frequency. 

At the lower frequencies the method used to measure the Q was 
the one described in a former paper (“Electric Wave Filters Employ¬ 
ing Crystal as Elements," Bell System Technical Journal , July 1934, 
page 431) and shown on figure 2. It consists of measuring the reso¬ 
nant frequency /#, the antiresonant frequencythe resistance at 
resonance R, and the static capacitance of the crystal C 0 . From 
these the Q of the crystal can be calculated from the formula 


/flVC/xWfl 2 ) 

2-n-f rCqR 


1 

4nrRCoA 


where A = f A — f B 


( 1 ) 


At higher frequencies the measurement of resistance becomes less 
reliable. At these frequencies, however, the reading of vacuum-tube 
voltmeters is satisfactory, so the circuit of figure 2 was modified to 
that of figure 3, and the resonant and antiresonant frequencies were 
measured as well as the voltages across the low terminal resistance at 
resonance and antiresonance. It is readily shown that the Q of the 
crystal will be given by the formula 


Q = 


2 A 


— where A « f A - f R 

V A 


( 2 ) 


and V R and V A are the voltages across the terminating resistance 
at the resonant and antiresonant frequencies, respectively. A third 
method tried was to measure the voltage across the terminating 
resistance at antiresonance and a few cycles from antiresonance. 
For this case the Q of the crystal is given by the formula 

«-1 [( I :)’ - \] (3 > 

where A is the difference in frequency between the antiresonance and 
the frequency for which the voltage V e is measured. All three of 
these methods were compared on several crystals and checked within 
a few per cent. 

The measurement of Q for the fundamental frequency for nine 


tribution of currents within such a system 
can exist which will produce other than zero 
electric or magnetic field strengths at all 
positions lying outside the conductors. 

An electromagnetic wave will penetrate 
an imperfect conductor such as copper. 
However, at the very high radio frequencies 
under consideration here the attenuation 
of such a wave is so extremely high that 
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Figure 3 


AT and BT crystals is shown on figure 4. These crystals were all 
measured in an air-gap holder in the open air. As can be seen from 
the figure, there is no significant trend with frequency. The in¬ 
dividual difference between crystals is so large that it masks any 
frequency trend. This difference in Q between shear vibrating 
crystals is thought to be mainly due to differences in the surface 
caused by grinding. If the surface layer is taken off by etching or 
polishing, the Q in general is considerably higher. The shape or 
size of the crystal does not appear to affect the Q in any Significant 
manner. In any case the Q of crystals at 20 megacycles—which is 
about as high in frequency as it is feasible to measure the character¬ 
istics of crystals with electric oscillators on account of the instability 
of the electric oscillator— is in the order of 30,000 to 70,000 which is 
much higher than the figure of 260 which would be obtained using 
Reukema’s data. 

Another method for attaining high frequencies with crystals whose 
thickness can be obtained commercially is to use a mechanical har¬ 
monic of a shear vibrating crystal. The electromechanical coupling 
of such a crystal decreases about inversely as the order of the har¬ 
monic, and the ratio of capacities inversely as the square of the har¬ 
monic. Nevertheless by using special oscillator circuits it is pos¬ 
sible to drive such crystals and have them control the frequency of 
oscillators. Hence it is of some interest to find how the Q for the 
successive harmonics varies. For this purpose three crystals were 
measured having respectively fundamentals of one megacycle, two 
megacycles, and eight megacycles. The first 16 harmonics of the 
one-megacycle crystal were measured and the result is shown on 
curve 1 of figure 6. As can be seen the Q increased with frequency 
from 93,000 for the fundamental to nearly 400,000 for the fifteenth 
harmonic. This is what would be expected if most of the dissipa¬ 
tion is located in the surface layers, for the harmonic crystal as 
shown on figure 6 is equivalent to a number of fundamental crystals 
in combination. If most of the dissipation is located on the two 
outside layers it is obvious that the effect will be inversely propor¬ 
tional to the number of dividing surfaces or loops and will be con¬ 
siderably smaller for a harmonic crystal than for a fundamental 
crystal. Crystals 2 and 3 also show its effect of increase in Q with 
harmonic order but they do not rise to as high limiting values as the 
first crystal. This is probably due to their lower initial value since 
the dissipation introduced by the outer faces is higher for them than 
for the first crystal. 

It is concluded from these measurements that after eliminating 
known dissipative losses in crystals, that there is no evidence of a 
dependence of Q of a crystal upon frequency. 

Professor Reukema, as a result of his opinion on the Q of crystals, 
seems to feel that crystals will not give frequency stability in the 
ultrahigh-frequency range as good as can be secured with resonant 
lines. This again is not in agreement with our experience. Evi¬ 


dence for the use of crystals in stabilizing high-frequency oscillator 
circuits is furnished by work recently done at Bell Laboratories on a 
direct crystal-controlled oscillator working at 120 megacycles. This 
oscillator, which it is hoped to describe in a forthcoming paper, works 
on the fifteenth harmonic of an eight-megacycle crystal. With 
plate voltage changes, the frequency of this oscillator does not change 
more than 0.06 cycles per megacycle per volt change which does not 
differ much from the voltage stability of ordinary crystal oscillators 
at low frequencies. Hence we can conclude that crystals in har¬ 
monic vibration can be used to control the frequency of ultrashorjt- 
wave oscillators and give good stability. 

Lester E. Reukema: If my statement regarding the Q of crystals at 
very high frequencies is responsible for the initiation of the experi¬ 
mental work on the subject reported in Mr. Mason’s discussion of my 
paper, it is fortunate that I made the statement even though it 
seems to be erroneous. For until this discussion of Mr Mason’s 
appeared, it seemed to be universally accepted by all workers in 
the field of crystals, at least so far as the published literature is 
concerned, that the Q of a crystal was inversely proportional to 
frequency. As proof of this universal acceptance refer to any 
textbook which even mentions the subject or to the published 
literature dealing with the equivalent electrical circuit of the crystal. 
For instance, in Hund's “Phenomena in High-Frequency Systems,” 
combine equation 51, page 311, namely 

640,000 it , 270,000 

*-— or / 0 = -j- 

where b is dimension of the crystal in the direction of vibration and 
jo is the resonant frequency of the crystal, with equation 57, page 
313, namely 

_ 0.00202 

” 2/ 0 L = b 

where A is the logarithmic decrement of the crystal, and R and L 
are the equivalent resistance and inductance of the crystal. This 
gives 

n _ 2tt/oX _ jr _ vb _ 270,000 t 420,000,000 

^ R “ A " 0.00202 “ 0.00202/o " f 0 

According to this formula, at /<, = 30,000,000 cycles, Q = 14, which is 
even lower than the value of 170 which I gave. However the 
decrement depends on the degree of polish of the crystal faces, the 
way the crystal is held in the holder, and on the air friction, and the 
constant involved in Hund’s equation 57 may readily be decreased 
to considerably less than the value he gives. In the example given in 
my paper, I decreased the value of the constant to about one twelfth 
Hund’s value, on the basis of values of Q given in the published 
literature, thus raising the value of Q = 14, as computed from 
Hund’s formula, to my value of 170 at 30,000,000 cycles. The 
important part of Hund’s formula is that it gives Q as inversely 
proportional to frequency. 

I might also quote from Terman’s “Radio Engineering,” 1932 
edition, top of page 266, “...and finally that the effective Q of the 



Figure 4. Measurement of Q of AT and BT 
crystals as a function of frequency 

AH crystals measured on fundamental mode of vibration 
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crystal vibrator varies inversely with frequency....” Terman’s 
1937 edition contains the same statement. This conclusion is r eached 
also in computing Q from the equations for the equivalent R, L, and 
c of the crystal, as derived by K. S. Van Dyke in IRE proceedings, 
volume 16, 1928, page 743, and as accepted and repeated innumera¬ 
bly since then by the other workers in the field. If Mr. Mason's 
experimental results are correct, and I have no reason to believe 
they are not, then universally accepted mathematical analysis of 
the equivalent electric circuit of the crystal is sadly in need of 
revision. 

Let us consider now the discussion of C. W. Hansell and P. S. 
Carter. They claim that according to my calculations resonant 
concentric lines should radiate* almost as much of the total input 
power as dipole antennas. Actually my formulas show that the 
radiation resistance of their quarter-wave shorted concentric line 
at 60 megacycles is only 0.01455 ohms, as compared with 73.14 
ohms for a dipole antenna. In other words, the concentric line, 
instead of radiating almost as much energy as a dipole, would radiate 
only one five-thousandth as much energy as a dipole. For a cor¬ 
rectly designed short half-wave concentric line, the radiation re¬ 
sistance is only 1/33,200 that of a dipole. The reason the small 
amount of energy radiated from a concentric line, used to control 
the frequency of an oscillator, is not negligible, is that the other 
losses in the line are so much smaller. Of course I did not make the 
statement that 85 per cent of the power input to a concentric Kn* is 
radiated. It is well known that the loss in concentric lines used to 
feed power to transmitting antennas is almost negligible, and no 
one would say that 85 per cent of the input power to such a lin* was 
radiated by the line. What I did state was that the loss due to 
radiation in a particular line used by Carter and Hansell to control 
the frequency of an ultrashort-wave oscillator, was 5.6 times as 
great as the other losses in that line, and the sum of all the losses is so 
small that the talk of generating artificial fever in the operators 
by means of the radiated energy is not valid. 

They also state several times that “a perfect conductor can 
sustain no electric field." The outer surface of a concentric line is 
a perfect conductor only to the same extent that the surface of a 
radiating antenna of the same outer diameter is a perfect conductor. 
Yet everyone knows that voltages of many thousands of volts are 
set up between the ends of such radiating antennas, as evidenced 
by the necessity for insulators at the ends. What they should say 
is that a radiated field, striking such a perfect conductor, cannot 
set up an electric voltage across it because the resultant movement 
of electrons in the perfect conductor is such as to exactly neutralize 
the voltage induced by the field, just as the voltage induced in the 
secondary winding of a shorted transformer is neutralized by the 
movement of electrons through the winding itself, leaving zero 
voltage across the terminals. My computations of energy radiated 
do not presuppose that .a field from within the concentric line pene¬ 
trates the outer conductor, but rather that part of the current in 
the outer conductor flows on the outer surface, which allows it to 
radiate just as from any ordinary antenna. 4 

To see that this is so, let us consider first a complete radiating 
system, entirely enclosed in a copper shield, the shield itself forming 
no part of the enclosed circuit. Any field striking such a shield from 
within induces in it a voltage which causes a current to flow on the 
inner surface of exactly the value to consume the induced voltage 
and no energy penetrates the shield (assuming perfect conduc¬ 
tivity). Even for ordinary shields the energy which penetrates 
the shield is infinitesimally small. Since at every point of the 
shield the flow of electrons on the inner surface exactly neutralizes 
the voltage induced by the field the voltage difference between 
any two points on the inside of the shield is zero. Moreover, 
since no energy can penetrate the shield, the voltage between any 
two points on the outside of the shield is also zero, so of course no 
current flows on the outside. In other words, a shield which forms 
no part of the enclosed circuit is exceedingly effective in preventing 
the radiation of energy through it as amply proven by any number 
of accurate experimental measurements. 

Consider now a concentric line, shorted at both ends and of such 
length as to be resonant, the length being assumed to extend from 
a circle halfway between inner and outer conductors on one shorting 


disk to the corresponding circle on the other shorting disk. Con¬ 
sider a source of high-frequency voltage to be impressed between 
inner and outer conductors of such frequency as to make the dis¬ 
tance between inner and outer conductors an appreciable fraction 
of a quarter wave length. The field radiated from the inner con¬ 
ductor induces a voltage on the inner surface of the outer tube, caus¬ 
ing a current to flow there lagging exactly 180 degrees behind the 
field which produced it and of such magnitude as to completely re* 
fleet the wave back into the ihner space. But since the current in¬ 
duced in the outer tube by the field from the inner conductor lags 
180° behind the field, it lags more than 180 degrees behind the cur¬ 
rent in the inner conductor, since it requires a finite time for the 
field to travel from inner conductor to outer tube. 

However, the outer tube is acting as the return conductor for the 
inner tube, and therefore must carry a current exactly equal and op¬ 
posite that carried by the inner tube, if there is to be no voltage set 
up between the ends of the concentric line. Since the current 
which flows on the inner surface of the outer tube, due to the field 
radiated from the inner conductor, is not exactly equal and opposite 
the current on the inner conductor, a slight voltage is set up across 
the ends of the concentric line, which causes a current to flow on the 
outer surface of the outer tube, equal to the vector difference be¬ 
tween the currents already considered. Of course both radiated and 
inductive components of the field due to the current on the inner 
conductor must be considered, in computing the current which flows 
on the outer surface of the outer tube. When the spacing between 
inner and outer tubes is very small compared to a quarter wave 
length, as is the general case except at the ultrashort wave lengths, 
this outer current is practically infinitesimal. Even at the ultra- 
short waves, the outer current is so small compared to the current 
which flows on the inner surface of the tube, that the energy radiated 
is of the order of 0.01 of 1.0 per cent of that which would be radiated 
if all the current were on the outside. However, small as it is, the 
energy radiated is by no means negligible, compared with the other 
losses in the concentric line. 

This point has been neglected both by Carter and Hansell and by 
Schelkunoff, which is the reason that the latter finds a finite radia¬ 
tion resistance from a perfectly conducting shorting disk, whereas 
my equations show this radiation resistance to be exactly zero. Mr. 
Schelkunoff's remarks concerning my direct addition of the radia¬ 
tion resistance of a shorted parallel-wire line to the radiation resis¬ 
tance of the shorting bar are perfectly correct. For high accuracy 
the mutual radiation resistance would have to be considered. How¬ 
ever, the fact that the line and the shorting bar are perpendicular to 
each other makes the mutual radiation resistance quite small, com¬ 
pared with the total radiation resistance, and I neglected it because 
there seems no way to combine it with the other results for all lengths 
of line without making the equations unwieldy. In any case my 
conclusion that the shorted parallel-wire lines should be brought to¬ 
gether at the far end gradually, thus eliminating the necessity for a 
shorting bar would be in no way changed. 


A Review of 

Radio Interference Investigation 

Discussion and authors* closure of a paper by F. E. Sanford and Willard 
Weise published in the October 1937 issue, pages 1248-52, and pre¬ 
sented for oral discussion at the selected subjects session of the AIEE 
Middle Eastern District meeting, Akron, Ohio, October 13, 1937. 

W. C* Osterbrock (University of Cincinnati, Cincinnati, Ohio): 
The location of sources of radio interference such as are described 
in this paper is in many cases quite difficult and this is largely due 
to the fact that faults capable of creating serious interference with 
radio reception may be entirely insignificant in their effects on the 
electric service. A good illustration of this possibility is reported 
in the editorial page of Electronics, September 1937, by R. L. 
Peterson. In this instance, the uncertain contact between turns of 
the armor on BX cable produced a variable impedance such as re- 
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ferred to in the section on “External Cross-Modulation 1 ’ of the 
paper, and this gave rise to the effect described, namely background 
tone from one or more interfering stations. It would seem that the 
location of such a fault might require, in addition to good measuring 
technique, a slight touch of genius. 

The manner in which cross-modulation is produced by a nonlinear 
impedance may be considered qualitatively by reference to figure 1, 
which shows the current in such an impedance as a function of the 
voltage, and figure 2, which shows current as function of time for 
two different conditions. 

In figure 1, (a) represents the desired signal voltage when the 
interfering signal has a value OA, and ( b ) represents the same 
voltage for an interfering voltage OB. The corresponding currents 
are shown at (a) and (b) of figure 2, and are seen to be quite different. 
In the course of modulation the interfering voltage varies from OA 
to OB, and the sensitivity of the system to the desired signal is 
caused to change correspondingly. As a result the modulation of 
the unwanted station is heard as a more or less distinct background. 

The above analysis is not complete, as it ignores the rapid varia¬ 
tion of interfering signal during the cycles ( a ) and (b). A more satis¬ 
factory procedure is to develop the current function into a Taylor’s 
series, and if this is done, it turns out that the third-order term 
causes a current component to appear having the same frequency as 
the desired signal , but whose amplitude is a function of the interfering 
signal voltage. The receiver is of course tuned to this frequency in 
question, and responds as well to this particular component as to the 
original signal. Incidentally, the cross-modulation term is pro¬ 
portional to the square of the interfering signal voltage, and thus 
every increase in power of a local broadcast transmitter can be 
expected to produce a flood of new complaints. 

As mentioned in the paper, the interference may be transmitted 
to the receiver by reradiation from the offending conductor, but it 
may also arrive there via the line cord. Whether it does or not will 
depend largely upon the effectiveness of the receiver grounding 
system. 

The authors are to be commended for their thorough review of 
the situation, and their company for its enlightened policy in the 
investigation of complaints. Many cases have come to my atten¬ 
tion of painstaking investigation by their radio squad, even though 
only a remote possibility existed that the trouble might be due to 
some fault in the lighting service. 

J. J. Smith (General Electric Company, Schenectady, N. Y,): 
The authors deal with the problem of radio interference from the 
point of view of a utility whose territory is dose to one of the broad¬ 
cast centers. Under these conditions the radio set users would ex¬ 
pect to get good reception. It is interesting to note in table I 
that 18 per cent of the complaints investigated were due to receiver 
trouble as compared with 11.6 per cent which were due to the com¬ 
pany’s distribution lines and equipment. The statement that the 
number of power cases is only about 25 per cent of what it was in 
the first years of the investigation work is encouraging. The trend 
toward greater co-operation between the power company investiga¬ 
tions and the radio service men is also an indication that progress 
is being made. 

The thing that is needed now is to carry out studies on a quantita¬ 
tive basis. The authors refer to the results that have been ac¬ 


complished through inductive co-ordination of power and tdephone 
systems. These results would not have been possible without the 
quantitative data obtained co-operatively through the joint Sub¬ 
committee on development and research of the EEI and Bell Tele¬ 
phone System. To obtain such data, wave-shape surveys have been 
made on a number of power systems in different parts of the country, 
coupling coefficients have been measured between typical power and 
telephone systems, data have been obtained on the characteristics 
of telephone circuits and apparatus, and many other studies have 
been made or are in progress. 

A similar approach to the problem of radio interference which 
the paper suggests would involve the collection of data on signal 
strengths of broadcasting stations and noise levels in different lo¬ 
calities, data on coupling between radio receivers and electric cir¬ 
cuits in houses, data on characteristics of power apparatus, etc. 
Such a study is being carried on by the joint co-ordination committee 
on radio reception of EEI, NEMA, and RMA. The committee 
has recommended suitable instruments and methods, and issued a 
report entitled “Methods of Measuring Radio Noise” which is 
available through the headquarters of the EEI, NEMA, or RMA. 
This report gives specifications for the instrument recommended 
for measuring radio noise and the procedure to follow in the use of 
this instrument. Subcommittees have also been set up for collecting 
and correlating quantitative data and it would be of great assistance 
if those who are doing field work like the authors of the paper would 
obtain more data and report their results in the form suggested by 
this joint subcommittee. 

P. L. Bellaschi (Westinghouse Electric & Manufacturing Company, 
Sharon, Pa.): Radio noise from power sources presents problems 
of a complex character but fortunately in practice many of these 
can be approached and disposed of satisfactorily through relatively 
simple procedure, as Messrs. Sanford and Weise have indicated in 
their paper. The fundamental aspect of radio noise remains, on 
which considerable progress already has been made. 

An important contribution to this progress has been made possible 
by the joint co-ordination committee on radio reception of EEI, 
NEMA and RMA, in specifying suitable and adequate methods of 
measuring radio noise. Mention should be made of EEI publica¬ 
tion No. C-9 or the corresponding NEMA (No. 102) or RMA (No. 
13) publications. 

The above mentioned te chni que and methods of measuring radio 
noise have been applied for a number of years at the East Pittsburgh 
laboratory of the Westinghouse Electric & Manufacturing Com¬ 
pany (“Measuring Radio Interference from High Voltage Appara¬ 
tus,” C. V. Aggers and W. E. Pakala, The Electrical Journal , Decem¬ 
ber 1933). Another laboratory, fulfilling the EEI-NEMA-RMA 
recommendations has recently been installed at the Sharon plant of 
the same company. Comparison of measurements have been made 
between these two laboratories to correlate results. For example, 
when a simple electrode arrangement as a rod to plate was employed 
the characteristic curves of voltage versus microvolts for the two 
laboratories are found to come within a few per cent of each other. 
Even wider variations would be considered good agreemeiit at the 
present status of the art. 

_ Fundamental investigations always should present room for pos¬ 
sible improvement and refinements both in the technique and the 
methods of measurement. Yet experience has well demonstrated 
that in the long run much is to be gained through orderly standardi¬ 
zation of methods and tec hni que. It is for these reaso ns that the 
general application of the methods recommended by EEI-NEMA- 
RMA hold out promise toward a rapid rationalization of the radio 
noise problems. As Messrs. Sanford and Weise have clearly stated 
the complete eli min ation of all radio interference appears uneconomi¬ 
cal, the aim being chiefly to establish permissible levels for electrical 
apparatus which are reasonable and economically feasible. 

F. R. Benedict (nonmember; Westinghouse Electric & Manufactur¬ 
ing Company, East Pittsburgh, Pa.): Short-wave and broadcast. 
program listeners are confronted at one time or another with radio 
interference which makes reception very unpleasant. Unfortu- 
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nately, the general public has not been educated in the problems motors, electric razors, electric fans, electric toys and many other 

associated with interference and interference producing devices, but devices may come under the category of interfering devices. Of 

only know of it by the interference to their favorite program, these, those devices classed as commutating machines cause the most 

Usually this interference is not under the control of the listener radio interference troubles. 

and his dissatisfaction is accompanied by a feeling of frustration, It is well known that scientifically designed and properly installed 

which is directed at the world in general. For the past seven years, filters may be applied in many cases for the reduction of radio 

a group of engineers have been working on the problem of inter- interference from electrical appliances. It may be asked—“Why 

ference and its relation to broadcast reception. This group has not apply filters to all household appliances which may produce in- 

been studying the co-ordination of the newer uses of electricity with terference and thereby alleviate all future trouble from such ap- 

its older uses for power, light, heat, transportation, and communica- pliances?” In answering such a question satisfactorily, considera¬ 
tion, so that the growth of each of these will not be restricted by tion must be given to many factors, which are closely allied with the 

the requirements of the others. This program is being carried on whole interference problem. 

by the joint committee on radio reception of the Edison Electric The problem begins in the radio owners’ homes and simply stated 

Institute, National Electrical Manufacturers Association, and is “For an appliance with known radio noise output voltage con- 

Radio Manufacturers Association. Preferred methods of measure- nected to the supply lines of the home, how much noise voltage 

ment have been developed and appear in the NEMA publication will be induced in the receiver antenna and ground system?” This 

No. 102. Consideration is also being given to factors in the design can only be determined by experimentally finding the ratio of in- 

of machines and power systems which may affect radio reception, terference noise measured in the factory to that which may be in- 

The characteristics of radio receiving sets and the relation of shield- duced in the antenna when in operation on the home supply lines, 

mg, sensitivity and selectivity to the elimination of radio noise, is Tests made in homes in the Pittsburgh area indicated that about 
also being carefully studied. 50 per cent of the cases had less than 10 per cent of the noise as 

The source of radio interference can be determined by the audio measured at the factory, induced in the antenna and 75 per cent 

characteristics produced in the radio loud speaker. The different of the cases had less than 18 per cent of the factory noise induced in 

types of interference may be classified in two groups, (a) uncontrol- the antenna. From actual tests, made with the radio receiver in 

lable interference and (b) controllable interference. Under class (a) operation, 5,600 microvolts on the supply lines caused no inter- 

are found atmospherics, i.e., lightning, background static, solar ference to programs in 50 per cent of the cases. Where the better 

interference, snow and sleet static, etc. Under class (6) are found antenna installations were found, the antenna pickup was less than 

commutating machines, transmission line equipment (such as bush- 2 per cent of the factory noise. Such installations gave no filter¬ 

ings, pin insulators, transformers, etc.), diathermy machines, sign ference to programs with 50,000 microvolts on the supply lines, 
flashers, auto ignition, etc. It was proved conclusively that the coupling of the antenna lead in 

The first class of interference is termed uncontrollable because of and ground, with the service wiring is a very important factor in 
the engineer’s inability to deal with the source of the noise. It is noise reduction. 

present at all times, although the amount of trouble it will produce These tests indicated that a good antenna system is essential 
varies considerably with time, weather conditions, and from one if a really successful fight is to be made against radio interference in 

locality to another. Radio engineers have done much to improve the home. Unfortunately, the radio distributor is more interested 
this condition in modern receivers by increasing selectivity, or in in selling the set than in keeping it sold. Accordingly it has been left 
short designing for a high signal to noise ratio. Another aid in pretty much up to the consumer to either buy an antenna installa- 
eliminating trouble from this class of interference is obtained through tion or put it in himself. The utility which supplies the power to 
increasing the power of broadcast stations and making use of trans- run the set, is very much interested in keeping the set sold, as loss of 
mitting antennas, which will increase the field strength within the revenue occurs when the set is not in operation. From the utility 
normal coverage area. If the signal strength at the receiving standpoint, it is more important that the radio dealer sell the con- 
antenna can be increased, the ratio of the signal voltage to the noise sumer, first a good antenna system and, second, a radio set, for it 
voltage appearing on the input of the receiver will be increased and is to the utility the consumer complains in case of interference, 
the amount of annoyance caused the listener will be eliminated. From experience it has been found that the best remedy for interfer- 
The greatest help for the distant listener would be an ideal re- ing household appliances is a modem, scientifically designed and 
ceiving antenna system and an increase in broadcast station power to properly installed antenna system. 

bring up the field strength at the listener’s antenna. The problem Where interference from household appliances cannot be reduced 
is not so easily solved. Broadcast stations cannot use unlimited by installation of the best antenna possible, filters are usually ap- 
power since allotment of transmitting frequency necessitates more plied on the electrical circuit of the interfering machine. In applying 
than one station on the same frequency with the possibility of inter- filters, two types of apparatus installations must be considered; (a) 
station interference. Advances are being made in the use of direc- apparatus operated with the frame grounded and (6) apparatus oper- 
tional antennas and improvement in broadcast station coverage ated with the frame ungrounded. When the frame is grounded, 
may be expected in the future. or ungrounded, the noise can best be reduced by placing capacitors 

The progress in elimination of atmospherics has been slow as the of the proper size and characteristics, from each line to frame, 
•static interference seems to have transmitting characteristics over Little noise reduction is obtained by connecting capacitors line to 
the whole broadcast and short wave spectrum. Various schemes line and may even increase the noise output. 

-of frequency and amplitude modulation have been advanced for In the grounded case, the line to frame capacitors may be any 
reducing atmospheric disturbances in radio receivers, but these value as they are connected direct to ground. In the ungrounded 
schemes are still in the experimental stages and promise only a partial case, however, large capacitors cannot be connected to the frame 
solution to the problem of uncontrollable interference. because of the shock hazard. Suitable noise reduction is most 

That interference classed as controllable or man-made, has be- effectively obtained by connecting two capacitors in series, line to 
-come a serious problem. With electric service increasing daily, line, and a third capacitor from the midpoint to the frame. The 
the need for some consideration of radio interference problems and value of this third capacitor has been a much discussed problem for 
their relation to the rapidly growing electrical industry, is very es- the past few years. If, the value of the frame capacitor is too high 

rsential. At the present time there are a great many devices in use the shock is very objectionable. The human body is sensitive to 

which produce objectionable interference in nearby radio sets when about 500 microamperes, so this capacitor must be held to a very 
•operated on the supply mains. In the next few years many more low value —0.006 microfarads or smaller. If the filter is used in 

will be sold and, in themselves, add measurably to the present prob- damp or humid climates the shock hazard is increased; The most 

jlems. In many metropolitan areas, where field strengths are low, serious problem comes in the possibility of the frame capacitor 
the problem is already acute. The interference in such areas, is shorting out or failing. Then the shock hazard may endanger 
mainly caused by appliances or other electrical devices common to life under moist or wet conditions of the skin. In the case of the 
jail electrified households. Vacuum sweepere, food mixers, universal grounded machine, which may become accidentally ungrounded, 
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the shock hazard is also serious, as the capacitors may be 0.1 micro¬ 
farad or more. If, for any reason, more than one capacitor fails 
full line voltage may appear on the frame. Then the condition is 
dangerous to life. 

To be an effective remedy for all appliance ills, it is readily seen 
that all manufacturers would have to filter their devices. Immedi¬ 
ately the question arises, “Who shall pay for making the appliances 
interference free?” It has been stated that with a good antenna 
system, considerable interference voltage is not objectionable in 
an appliance. If the filter is compulsory, on many of the cheaper 
household appliances the filter cost may be a large proportion of the 
total cost of the article, as, for instance, the 10f5 store variety of 
egg beater, which sells from 69to $1.00. Addition of a filter to 
such a cheap article may make the price prohibitive for the quality 
of the article. Where the cost of the filter is only a very small part 
of the total cost of the appliance, the problem is simply one of ab¬ 
sorbing the cost of the filter in the selling price. 

Another complication to the problem is that not all of the ap¬ 
pliances of a group produce serious interference. Out of 1,000 high- 
grade appliances only 1 per cent may cause objectionable inter¬ 
ference. There is a probability that not all of this 1 per cent will 
find their way into locations where interference will cause trouble. 
The same may be said of cheaper appliances, but the percentage of 
interference producers per thousand may be much higher. In some 
cases, a simple change in design may eliminate a part or all of the 
intereference trouble of a group of appliances. 

Mass production of a complete line of filtered appliances is a very 
involved manufacturing problem. It would require (a) redesign 
of the appliance to include space for a filter, (6) new dies, jigs, and 
tools for each class of appliance, (c) standardization of filters for 
production and renewal replacements, and (d) a special organization 
to design and test the filters and appliances. Such a program could 
only be reflected in the final cost of the appliance to the consumer. 

Where the cost of the filter is a small part of the cost of the ap¬ 
pliance, it may be economically feasible to apply filters. In fact, 
several large manufacturers do filter certain classes of their ap¬ 
pliances. While the general interference problem is not helped 
much by such filtering, it is an asset to the manufacturer as it helps 
to keep the appliance sold. Such filtering reduces complaints on 
that manufacturer’s equipment and promotes good will, which is 
the best intangible asset any company can have. 

F. E. Sanford and W. R. Weise: Professor Osterbrock has offered 
a qualitative explanation of external cross modulation. This type 
of interference can well be made the subject of laboratory experi¬ 
ments and theoretical studies, to the end of obtaining an acceptable 
explanation, which will lead to solution and elimination. So far 
this type of interference is not common but it may be expected to 
increase with increasing signal strengths, which overcome some of 
the more common types of interference. 

Mr. Smith suggests the need of more quantitative analyses of 
radio interference. Undoubtedly this will help, but we believe that 
exact measurements are of secondary importance compared to a 
general recognition of the problems and the value of a co-operative 
spirit among all of the groups concerned. 

In the field of quantitative analyses, apparatus and levels of meas¬ 
urement are essential for the further alleviation of interference 
caused by appliances. Mr. Benedict has pointed out the present 
uncertainty in this field. The manufacturers of insulators and other 
equipment for transmission and distribution line use, have given a 
great deal of attention to this and as a result the electric utilities 
can purchase equipment which is inherently “radio interference 
free.” As pointed out in the paper, a similar interest in this subject 
is in order, on the part of the numerous appliance manufacturers. 
Many are now following along these lines, but many others apparently 
are not. In time the public will surely recognize freedom from radio 
interference possibilities, as a desirable feature of any appliance pur¬ 
chased. 

Determination of the permissible level rather than the complete 
elimination of all radio interference must be the aim in the work to 
be done. A standardization of methods and technique, as is being 
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attempted by the joint EEI, NEMA, RMA committee, is an im¬ 
portant step in the direction, as pointed out by Mr. Bellaschi. 
Manufacturers who have considered the interference possibilities of 
their products are to be complimented and encouraged. 

In conclusion, we feel that this paper justifies itself to the extent 
that it serves to further focus attention on the radio interference 
problems yet to be solved. The discussion, both written and verbal 
indicated that there is wide interest in the subject. 

Analysis of Series 

Capacitor Application Problems 

Discussion and author's closure of a paper by J. W. Butler and C. Con¬ 
cordia published in the August 1937 issue, pages 975-88, and pre¬ 
sented for oral discussion at the power transmission and distribution 
session of the AIEE Pacific Coast convention, Spokane, Wash., Septem¬ 
ber 1,1937. 


E. C. Starr (Oregon State College, Corvallis): The paper by 
Messrs. Butler and Concordia is a valuable contribution to the field 
of power transmission. The authors are to be complimented upon 
the breadth and thoroughness of their analyses of the principal dif¬ 
ficulties encountered in the application of series capacitors to trans¬ 
mission circuits. 

The series capacitor offers an almost ideal means of improving the 
voltage regulation of transmission circuits. The action is instantane¬ 
ous and line reactance, together with the transformer and generator 
reactances, can effectively be cancelled. The result should be not 
only that of eliminating the reactance component of system voltage 
drop but should also be that of improving the steady-state stability 
limit of the system. 

A few series capacitor installations have at first been more or less 
unsuccessful. These have cast some doubt over the practicability 
of their use due to one or more of the characteristic troubles, ana¬ 
lyzed by the authors, having arisen in their operation. In appli¬ 
cations involving large induction- and synchronous-motor loads, 
where an attempt has been made to completely compensate, or in 
some cases overcompensate, for line and transformer reactances, 
serious surging difficulties have arisen. In other applications, where 
a large part of the load is of resistance character, and in cases where 
overcompensation of system reactance was not attempted, the suc¬ 
cess of operation has been complete. 

From a very approximate analysis it can be shown that a simple 
criterion for the successful application of series capacitors to circuits 
involving large synchronous and induction machinery is to avoid any 
attempt at complete or overcompensation. That is, the series 
capacitive reactance in such circuits should not be made equal to or 
greater than the combined inductive reactance of the line, trans¬ 
formers and generators involved in the particular circuit in question. 
This is a very simple criterion and no attempt will be made at this 
time to carry it to a more exact solution. In some cases it will be 
objectionable because it does not permit of the complete cancellation 
of system reactance or in the effective compensation for both resist¬ 
ance and reactance as is possible under some limited conditions. 

Reference to figure 1 of this discussion will bring out two interest¬ 
ing features. It will be noted that for any normal load current, J, 
the sending-end voltage, E lf is ahead, in phase position, of the re- 

£j - Sending-end voltage 

£* “• Receiving-end volt¬ 
age 

/ •«- Line current 

8 Voltage angle be¬ 
tween ends of fine (S') 

R ■* Line resistance 
XL » Line reactanceKi re¬ 
ductive) 

Xc “ Series capacitor re¬ 
actance 

Figure 1. Simple transmission-tine diagram 
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ceiving-end voltage, E 2 , by the angle 0. Any increase in the load 
current, I, is accompanied by an increase in the angle 0, and up to a 
certain limit the system is stable. If a series capacitor is introduced 
in the system with capacitive reactance greater than the system in¬ 
ductive reactance, then the dotted line diagram will apply. It will 
be observed that no change has taken place in the system r esistanc e 
drop, IR, but that the sending-end voltage, Ei, is smaller in magni¬ 
tude when compared to E* than previously. This indicates the de¬ 
sired improvement in system voltage regulation. It will be noted, 
however, that the sending-end voltage, 23*', now lags the receiving- 
end voltage, Et, by the angle O', and any increase in the load current, 
J, will cause a further lag of Ei' behind E$. This means then that if 
we assume Ei f to be supplied by an infinite bus or by a generator of 
relatively large rotational inertia, the receiving-end voltage, E 2 , will 
be governed in phase position by the line current, J x , an increasing 
current meaning an advancing phase position. 

This condition is inherently one of instability. If, for example, 
the load consists of a synchronous motor and a sudden increase in 
delivered torque should occur, then the load current, J, would in¬ 
crease correspondingly and the terminal voltage, E%, would advance 
somewhat in phase. This momentary advance of Ez would tend to 
accelerate the rotor of the motor and again increase the current drawn 
by the motor from the system. This further increase of curr en t 
would tend, again, to increase the angle 0'. However, as soon as the 
rotor had accelerated to accommodate the new phase position of the 
terminal voltage, the current would drop off somewhat, allowing the 
phase of jE 2 to drop back. The rotor would then drop back in phase 
position and the current momentarily would decrease. As soon as 
the rotor had reached its normal load angle, the current would have 
returned to normal and would again be changing in the upward di¬ 
rection, starting to repeat the cycle of oscillation just described. 
An unstable surging condition is thus established which involves the 
complete mechanical as well as electrical system. 

The same general analysis can be applied to an induction-motor 
load. In that case, a suddenly increasing load produces an increased 
slip which in turn increases the line current and causes the phase of 
its terminal voltage to advance momentarily. This advance in 
terminal voltage is the equivalent of a momentary increase in fre¬ 
quency resulting in increased instantaneous slip and hence in a fur¬ 
ther increase of line current. The rotor then tends to accelerate 
under the influence of increased current, and thus again starts the 
oscillation described above. 

A very crude analogy is the case of a differential-compound motor 
driving a cumulative-compound d-c generator. An increase in load 
on the generator tends to increase slightly the speed of the motor 
which immediately increases the voltage of the generator and auto¬ 
matically causes it to deliver more load. Such a system, when ad¬ 
justed for a small degree of overcompounding, will tend to oscillate 
and surge rather badly. If, however, the overcompounding is ex¬ 
cessive, particularly in the case of the motor, the system will surge 
beyond control. 

It can be said in general that, so long as the receiving-end voltage 
of an electrical system tends to fall back in phase with respect to the 
sending end with increase of load, any oscillations set up externally 
will be subjected to a definite decrement due to system resistance and 
machine friction, and the operation will be stable up to the limit of 
the system. If, however, the receiving-end voltage tends to ad¬ 
vance in phase with respect to the sending end with increase of load, 
the system is inherently unstable and a surging condition can de¬ 
velop when rotating equipment is involved. 

In most practical systems, particularly those involving a fairly 
large percentage of resistive loading, a small negative angle will give 
rise to no difficulties. Hence it is possible to compensate for all, or 
nearly all, of the system reactance by means of series capacitors 
without introducing any abnormal operating conditions. However, 
if large rotating machines are involved in the load, it is not ad¬ 
visable to overcompensate for the system reactance in order to ob¬ 
tain an idealized voltage-regulation condition. 

In designing a series-capacitor installation, the load should be 
carefully analyzed from the standpoint of size and types of rotating 
ma c hi n es involved and the power factors encountered Where large 
machines are involved in the load, the capacitive reactance should 


be limited to a value which will not cause the terminal voltage of the 
machines to advance with respect to the sending-end voltage more 
than a few per cent of the normal load angle of the machines. It 
is realized that the voltage-regulation improvement to be obtained 
by the application of series capacitors is limited by these conditions, 
but a very large improvement can be produced by their use and 
further applications should be greatly encouraged. 

J. W. Butler and C. Concordia: We wish to thank Professor Starr 
for his remarks and explanation of the phenomena of self-excitation 
on the basis of a simple vector diagram. We feel however that in 
general it will not be feasible to compensate to as great an extent 
as is indicated by his criterion. As brought out in the paper, one 
cannot compensate for the total effective steady-state system react¬ 
ance; even the short circuit or transient reactance can usually be 
only partly compensated, perhaps half-way compensated. Figures 
10 and 12 illustrate this point and show the limits for a particular 
set of system constants. 

Relay Operation 
During System Oscillations 

Author's dosing discussion of a paper published in the July 1937 Issue, 
pages 823-32, and presented for oral discussion at the development of 
protective equipment session of the Pacific Coast convention, Spokane, 
Wash., August 31,1937. Other discussion of this paper appeared in 
the December 1937 issue, pages 1513-14. 

C. R. Mason: Mr. Neher has described an extremely valuable 
method for studying relay operations under abnormal system condi¬ 
tions. His suggestion for applying that method to the problems 
of this paper merits further consideration. By this method one can 
determine the operating tendency of various relays quickly, ac¬ 
curately, and with a minimum amount of calculation if he has the 



conception of the elements of the problem which the paper attempts 
to provide. 

Characteristics op a System Oscillation 

The rdations of current, voltage, and the angle between them can 
be conveniently represented on a two-dimensional picture by show¬ 
ing the ratio of the voltage to the current vectorially. Consider 
figure 1. Lay out the resistance and reactance axes to the same scale 
and draw the line A-A through the origin at the system phase angle <£ 
to the resistance axis. Draw the line B-B through the origin per¬ 
pendicular to A-A . The line B-B applies to the impedance center of 
the system. At that point the current is always at the same angle 
to the voltage regardless of change in the displacement angle 0. The 
impedance vector will always lie on this line, terminating at the dis- 
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Figure 2. Voltage-restrained directional re¬ 
lay operating charactertistics combined with 
the oscillation characteristics to show relay 

operation 


tance E to the right of the origin for any angle Q less than 180 de¬ 
grees according to the relation E — 50 cot (0/2) where E is expressed 
as a percentage of the total system impedance. When 6 exceeds 180 
degrees, E will be measured to the left of the origin. 

For some other point in the system toward the end, which in the 
paper was labeled "source A/’ the line C-C will apply. This line is 
parallel to the line B-B and at a distance D which is the per cent of 
the total system impedance that the point is from the impedance 
center of the system. For another point at the other side of the im¬ 
pedance center, the parallel line should be drawn on the other side 
of B-B, 

Having determined 0 for desired values of E or vice versa, accord¬ 
ing to the relation given for the impedance center line B-B , this same 
E and 6 will apply for any other line if measured from the intersection 
of A-A and that line. In other words, as 8 increases from zero, the 
head of the impedance vector for each location will move from right 
to left along its line, the heads of all of the vectors terminating on a 
line parallel to A-A as shown on figure 1. If source A starts in 
phase with source F and then goes lagging, the impedance vectors 
trace the lines from left to right. 

Operation of a Directional Relay With Voltage Restraint 

The relay diagram shown by Mr. Neher in his discussion of the 
paper is for a directional relay with different constants than that used 
as an example in the paper. Figure 2 shows the picture for the relay 


assumed in the paper having a three-phase minimum pick-up cur¬ 
rent of 7.0 amperes at 115 volts at its angle of maximum torque. 
The impedance pick-up of the relay at its maximum torque angle is 
therefore V A /7. Since the system impedance is 2V A /20 according 
to the assumptions used, the relays’ impedance pick-up is 10/7, or 
143 per cent, of the system impedance at the angle of maximum 
torque. The relay circle is shown according to Mr. Neher’s meth¬ 
ods with its center on a line through the origin at an angle (r — <f>) 
from the line A-A of figure 1, or at the angle r from the R-axis. The 
diameter of the circle is 143 per cent of the total system impedance 
as previously determined. 

Two circles are shown to account for the fact that the relays at 
breakers 2,4, and 6 face in a direction opposite to the relays at break¬ 
ers 1, 3, and 5. 

For values of 6 for which the oscillation line lies within the circle, 
the relay will operate to close its tripping contacts. If figure 2 is 
used to determine the point at which the relay changes its direction 
of torque, it will be noticed that slight errors in the curves of the paper 
are exposed. These curves were drawn from calculated data using 
the formulas of the paper, and during the process some error was in¬ 
troduced. A careful recheck of these calculations show that the 
errors are in the calculations and not in the formulas themselves. 
The fact that such a quick and easy check is possible using Mr.* 
Neher’s methods further emphasizes their value. 

Figure 3 shows the circles for the voltage restrained directional 
unit of an actual distance relay which has a minimum pick-up ad- 
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Figure 4. Reactance element operating char¬ 
acteristics combined with the oscillation char¬ 
acteristics to show relay operation 
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justable to 16 amperes at rated voltage and at its angle of maximum 
torque (68 degrees). The diameter of this circle is thus seen to be 
10/16 or 62.5 per cent of the system impedance; and (r — <f>) = 7 
degrees. 

Operation of a Reactance Relay 

In figure 4 the operating characteristics of a reactance element ad¬ 
justed as assumed in the paper are combined with the oscillation im¬ 
pedance characteristics. The operating characteristics of the re¬ 
actance element are perpendicular to the X axis and intersect it at 
a distance from the origin which is the per cent of the total system 
impedance below which the element is adjusted to operate. The 
element operates to close its tripping contacts when the oscillation 
impedance vector terminates on the origin side of the relay charac¬ 
teristic. Here, as in the case of the voltage restrained directional 
relay, the characteristics for relays which face in opposite directions 
are drawn on opposite sides of the origin. These curves give a very 
accurate check of the curves in the paper. 

Operation of an Impedance Relay 

The characteristics of the impedance relay used in the paper are 
drawn in figure 5, together with the oscillation impedance character¬ 
istics. The radius of each curve is the per cent of the total system 
impedance below which the relay will operate. When the oscilla¬ 


tion impedance vector falls inside of a circle the relay operates to 
close its tripping contacts. 

Other Types of Relays 

The characteristic of a directional relay without voltage restraint 
will be a straight line through the origin at right angles to the r axis 
shown on figure 2. All oscillation impedance vectors to the right of 
this characteristic will cause the relays at breakers 1, 3, and 5 to 
close their tripping contacts; all impedance vectors to the left of 
the characteristic will cause the relays at breakers 2, 4, and 6 to close 
their tripping contacts. 

The characteristics of single-quantity relays such as overcurrent, 
and undervoltage types cannot be shown on the diagrams, but their 
operation is easily determined otherwise. 

Errata 

In figure 12 b on page 828 the curves are incorrectly labeled. The 
curve labeled “At Breaker 4” applies to the relay at breaker 3 and the 
curve labeled “At Breaker 3” applies to the relay at breaker 4. 

In the appendix under “Derivation of Equation 7” on page 832 
there is an I missing in the denominator of the first expression. It 
should read: 

Z - V/I 


Figure 5. Impedance relay operating charac¬ 
teristics combined with the oscillation charac¬ 
teristics to show relay operation 
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Carbon Brushes for 
Steel-Mill Equipment 

Discussion and author’s closure of a paper by W. C. Kalb published in 
the September 1937 issue, pages 1165-8, and presented for oral dis¬ 
cussion at the iron and steel session of the AIEE Middle Eastern Dis- 
trict meeting, Akron, Ohio, October 15,1937. 

L. E. Miller (The Reliance Electric & Engineering Company, 
Cleveland, Ohio): I am very glad to see Mr. Kalb bring out in his 
paper the fact that the same type of brush may be satisfactory 
under one certain set of conditions, but under other conditions may 
be entirely unsatisfactory. I feel that the corollary to this is that 
no type of brush is a satisfactory cure-all for any and all conditions 
under which the brush may be required to operate. I think that 
this point should be particularly emphasized, since it has been my 
experience that often times some particular brush is given to an 
operator to cure a certain specific set of conditions, and does its job 
so successfully that the operator desires to use this particular brush 
for every and all kinds of conditions. The result is many misappli¬ 
cations, causing endless difficulty, expense, and dissatisfaction. 

Mr. Kalb, in speaking from notes, quoted from Doctor Glass’s 
paper which occurred in an earlier issue of the Iron and Steel Engi¬ 
neer. While Mr. Kalb did not mention in his talk, I believe that 
Doctor Glass brings out the idea that the film on the commutator 
which gives the glossy chocolate-brown surface so desired, is a form 


of oxide in copper. This film, as a rule, is only produced after con¬ 
siderable operation of any particular machine. I would like to ask 
Mr Kalb if there has been any experimental work done with the 
idea of producing this film quickly in any other way than the usual 
method of operating the machine. 

W. C. Kalb: In reply to Mr. Miller’s question, it is mentioned in the 
paper by Doctor Glass, to which reference is made, that the applica¬ 
tion of methyl alcohol as a reducing agent on a test commutator, 
operating with lampblack base brushes at an interface temperature 
of 125 degree centigrade caused the coefficient of friction to rise to 
0.5. The application of hydrogen peroxide immediately brought 
the coefficient of friction down to 0.13, the normal friction, at 125 
degree centigrade, of the grade being tested. In applying these re¬ 
agents the brushes were lifted from the commutator and excess of 
the reag en t was removed before replacing the brushes. Repeated 
trials gave the same results. 

While this laboratory test indicates that a beneficial oxide film 
might be formed by the application of an oxidizing reagent to the 
commutator surface, I do not know of any instance where this plan 
has been tried in actual service. 

Formation of oxide film can also be accelerated by the applica¬ 
tion of external heat to the commutator surface. It might be feasible 
for the electrical manufacturer to use this means for developing a 
commutator surface of the desired character before the machine 
leaves the factory, but the method does not seem well adapted to 
use in the field. 
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An Electronic Arc-Length Monitor 


By WALTHER RICHTER 

MEMBER AIEE 


I N THE March 1935 issue of Electronics , a voltmeter for 
d-c arc welding was described. In this instrument the 
arc voltage was applied over a high resistance to the 
grid of a vacuum tube and a condenser was shunted a cross 
grid and cathode. The rapid fluctuations of the arc 
voltage are filtered out by this combination, and a meter 
placed in the plate circuit of the tube can therefore be 
calibrated in terms of average arc voltage. It was also 
possible to spread the scale of the meter so that it covered 
the range of welding voltage only, which leads to an in¬ 
crease of accuracy in determining the average arc voltage. 

The application of this instrument in the shop not only 
showed that different welders using the same electrode and 
amperage would weld with voltages differing as much as 
four volts, but also that some kept the arc voltage con¬ 
stant within one to two volts, while others covered a range 
of five to six volts during welding. Some electrodes will 
operate well over a fairly wide range of values, but others 
were found to give decidedly inferior results when the 
welding voltage deviated as much as three volts from the 
value determined in the laboratory. The instrument de¬ 
scribed above permits a bystander to observe the perform¬ 
ance of an operator, or it can be used to adjust the arc 
length held by an automatic weld head to the correct 
value, but it cannot be read by a hand welder since he 
must keep his eyes at all times on the arc. It therefore 
seemed desirable to have an instrument which would in¬ 
form the welder about the voltage on his arc without re¬ 
quiring that he look away from the arc. 

Acoustical means were considered first, but were found 
undesirable for several reasons. In the instrument de¬ 
scribed in this paper the problem is solved in the follow¬ 
ing manner; Two small flashlight bulbs are mounted in 
the welding shield or hood, one on each side of the window 
through which the welder looks at the arc. The circuit 
to which the bulbs, as well as the arc, are connected con¬ 
tains a potentiometer bearing a calibration in volts. 
This potentiometer can be set to any desired value, say 
35 volts. If the average arc voltage is held to 35 volts, 
both bulbs will be extinguished; if the voltage rises to 36 
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volts the right bulb starts to glow faintly, increasing in 
brilliance with an increase in deviation; if the arc voltage 
falls below 35 volts, the left bulb acts in the same manner. 
The maximum brilliance is kept well below the point of 
hurting or blinding the welder’s eyes. He can keep his 
conscious attention entirely on the arc, yet will be able to 
notice a surprisingly faint glow out of “the comer of his 
eyes” and can therefore immediately correct the deviation 
from the desired condition. 

The principle of the circuit by means of which these 
results are obtained is the following: The arc voltage or a 
part thereof is connected in opposition to an adjustable 
d-c voltage. The resulting differential voltage is filtered 
by a resistance-capacity combination, leaving only the 
average difference. By means of an electron tube an 
alternating voltage is next produced with a magnitude 
which is a function of the above mentioned filtered dif¬ 
ferential voltage: it is zero, when the differential voltage 
is 2.5 or more, about ten volts, when the differential volt¬ 
age is 1.5 volts, and about 20 volts, when the differential 
is 0.5 or less. This alternating voltage, varying between 
zero and 20 volts as just outlined, is now connected in 
series with a fixed alternating voltage of ten volts, but of 
opposite phase. The sum of these two voltages is ob¬ 
viously a new alternating voltage, which not only changes 
in magnitude but also reverses in phase; it will be zero, 
when the differential d-c voltage is 1.5 volts. This new 
alternating voltage is fed into the primary winding of a 
transformer, the secondary of which is center-tapped. 
The two sections of this winding and the bulbs in the 
welder’s helmet form a* bridge arrangement, and between 
the center tap of the transformer and the junction of the 
bulbs a fixed alternating voltage is introduced. The 
current produced by the latter in the two bulbs is ad¬ 
justed by means of a variable resistor to a value just below 
the point of glowing. A voltage induced in the secondary 
winding of the center-tapped transformer will then ob¬ 
viously increase the current in one lamp and decrease it 
in the other, depending on the phase of the induced volt¬ 
age. Since this voltage, as explained above, changes 
in magnitude as well as phase, either one or the other bulb 
can be made to bum with a change of the arc voltage. 
The value of arc voltage at which both bulbs will be ex¬ 
tinguished can be set by changing the adjustable d-c volt¬ 
age opposing it. 
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The circuit putting the principle outlined above in 
practice is entirely electronic. It employs two amplifier 
tubes, a 6/7 and a 6 F 6 , the first acting as voltage ampli¬ 
fier, the second as output tube. For simplicity the rec¬ 
tifier system, which is of the conventional type, as well as 
heater connections of the tubes are not shown in the dia¬ 
gram, figure 1 . Voltage divider T ? 9 Riq is connected across 
the arc and the part of the arc voltage appearing across 
Rio is connected to the arm M of potentiometer J? 8 . This 
potentiometer is calibrated in terms of arc voltage, and in 
order to make this calibration as independent as possible 
from line voltage fluctuations, the current through R$ is 
held constant by shunting voltage regulator tube UX874 
across Rj and R%. The difference between the voltage 
OM over the lower part of potentiometer R s and the volt¬ 
age KM across Rw is used as the d-c grid bias on the 
first tube. Resistance Rn which is 500,000 ohm and 
condenser Ci of one microfarad capacity serve as a filter¬ 
ing element, so that the grid bias of the tube depends only 
on the average arc voltage. The production of an al¬ 
ternating voltage depending in magnitude on the d-c volt¬ 
age is accomplished by applying a small alternating 
voltage to the grid of the first tube and changing the 
amount of amplification by changing the d-c bias voltage. 
The alternating voltage is obtained as follows: Point G 
has an alternating potential with respect to 0 of about 
ten volts. Condensers C 6 and Ci act as a voltage divider; 
the capacity of Q is only about 0.025 microfarad, so that 
only a small alternating voltage appears on the grid. 
The amplified voltage will appear across the load resistor 
R* in the plate circuit of the tube, but the degree to which 
the tube will amplify the alternating voltage applied to 
the grid will depend on the d-c grid bias. In this par¬ 
ticular circuit the 6/7 will cease to amplify when the 
negative grid bias exceeds 2.5 volts; with a negative grid 
bias of 1.5 volts, the alternating voltage appearing across 


the resistor R§ will be ten 
volts, while with a negative 
, \ grid bias of 0.5 volts or less 
the tube reaches full ampli¬ 
fication, and the output volt¬ 
age will be 20 volts across R&. 
However, the alternating 
voltage drop across Rs is only 
one part of the total alter¬ 
nating potential of point H, 
which is applied to the grid 
of the output tube by means 
of conventional capacity 
coupling C 2 R 2 * The other 
part is the alternating voltage 
FG, obtained from a center- 
tapped winding of transformer 
7V Resistor Ra and con¬ 
denser C\ are connected across 
this winding, and since the 
voltages across Ra and Ca 
are always 90 degrees out of 
phase, a variation of R 4 will 
change the phase but not the 
magnitude of the voltage FG, which will always be one- 
half of the total voltage produced in the center-tapped 
winding at TV In this particular case the voltage FG is 
ten volts. The phase adjustment of this voltage is nec¬ 
essary to obtain proper balance in the final bridge circuit 
containing the bulbs. Due to the filtering effect of the 
resistance capacity combination R 3 C 3 , point F has no 
alternating voltage against O. As we had seen above, 
a small part of the alternating voltage FG was applied to 
the grid of the 6/7 by means of the voltage divider C 5 C 1 , 
and since any amplifying tube also produces a phase re¬ 
versal, the output voltage GH will be 180 degrees out of 
phase with the voltage FG . This can be seen in another 
way: Consider the instant when the potential of point G 
has reached its negative maximum with respect to point 
F. Due to the voltage divider QC h the grid of the 6/7 
will also reach its negative maximum at this instant. 



Figure 2. Front view of arc-length Monitor 
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The alternating component of the plate current will then 
reach its minimum and with it the voltage drop across 
i?g. At this instant point H is therefore the least amount 
negative with respect to point G, and is seen to be 180 
degrees out of phase with the potential of point G. When 
the alternating voltage across J? 5 is just ten volts, the al¬ 
ternating potential applied to the grid of the 6F6 will be 
zero, since then the voltages FG and GH add up to zero. 
It is therefore seen, that as the arc voltage varies in such a 
manner, as to change the resulting negative grid bias on 
the first tube from 2.5 volts or more to 1.5 volts and 
finally to 0.5 volts or less, there will appear on the grid of 
the 6FG an alternating voltage of 10 volts, which will 
diminish to zero and then build up again to 10 volts in 
opposite phase. Phase control of this voltage is obtain¬ 
able by adjusting R\. Incidentally, this system of con¬ 
verting a small d-c voltage change into a phase reversing 
alternating voltage can also be used where grid control 
of mercury vapor rectifiers (thyratrons) is desired from a 
small d-c voltage change. In the plate circuit of the out¬ 
put tube is found transformer T 2 , the center-tapped 
secondary of which is connected in a bridge circuit con¬ 
taining lamps Li and L 2 . The low-voltage winding of 
transformer T\ is connected between the center tap of 
T 2 and the junction of the bulbs, and the current pro¬ 
duced by it will flow at a given instant through the bulbs 
in the direction of the arrows drawn in full lines. The 
magnitude of it is adjusted by varying R x to a value just 
below the glowing point of Li and L%- Grid excitation of 
the 6F6 will produce currents in the bridge circuit in the 
direction of the arrows in dotted or dash-dotted lines, de¬ 
pending on the phase of exciting alternating voltage on the 
grid. In the case of the dotted arrow the current through 
L 2 will be increased, through L\ decreased, while the 
reverse takes place in the case of the dash-dotted arrow. 
The output of the tube is sufficient to operate more than 
one set of lights and on the finished instrument, figure 2, a 
second set of lights is provided which can be observed by 
the foreman or superintendent. 

The results obtained with the instrument are very satis¬ 


factory. In training men, it was found that new men 
acquired the ability to hold a steady arc in about one- 
third of the time that it took without the instrument. 
The biggest advantage comes from the fact that all men 
could be trained to the technique best suited for the par¬ 
ticular electrode. In one case the electrodes required for 
the work had to be welded within narrow limits of voltage. 
All work was X-rayed and any defects had to be chipped 
out and rewelded. After equipping the operators with 
these instruments the necessary repair work dropped to a 



Figure 3. Rear view of arc-length monitor, back removed 


fraction of what it was before. In this connection it was 
interesting to note that relatively new men produced good 
work sooner than old welders. It was obviously easier 
to acquire the correct method right from the start than it 
was to break away first from a faulty habit. Men that 
have been trained with bare-wire welding as a rule try to 
hold as short an arc as possible, which usually is undesir¬ 
able for coated electrodes. With the aid of the instru¬ 
ment, men with this type of training could be switched over 
to coated electrode welding considerably faster than or¬ 
dinarily. 
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The Application and Performance of Carrier-Current Relaying 

By PHILIP SPORN CHARLES A. MULLER 

FELLOW AIEE MEMBER A1EE 


I. Introduction 

T HE GENERAL idea of pilot relaying is quite old. 
It has been employed for several decades in the 
Mertz Price system where pilot wires are employed 
for balancing the currents at the two ends of the line and 
has met with considerable success in Europe, and par¬ 
ticularly in England. A simpler pilot scheme in which the 
pilot wire is used merely to conduct an impulse, and the 
conditions of the line at the two ends of the section are 
indicated by the relative positions of a series of power 
directional relays, has been employed and has been de¬ 
scribed elsewhere. 1 Neither of the above schemes, how¬ 
ever, has ever met with any great favor in the United 
States on account of the prohibitive cost of pilot wire 
circuits, and particularly on long lines, and because in the 
long r un the scheme itself is no more reliable than the 
pilot wire. Experience has shown that the reliability of 
the latter is not quite at the 100 per cent level desired and 
mandatory for proper service. 

One attempted solution for this difficulty was the sub¬ 
stitution of carrier current for the pilot wire. A scheme 
embodying the idea was developed several years ago by 
Fitzgerald and is fully described in a paper before the 
AIEE. 2 The weakness of this scheme and the de¬ 
velopment of the first effective carrier relaying system as 
well as its performance in practical operation have been 
previously discussed. 8 This latter system was entirely 
successful but its operating speed was limited due to the 
racing of contacts. In practice this meant the maximum 
reliable speed was limited to a minimum time of approxi¬ 
mately four cycles in terms of a 60-cycle system. How¬ 
ever, it soon became evident that it would be necessary 
to reduce the relay time as close to the theoretical mini¬ 
mum (in power directional relay practice one-half of one 
cycle) as possible. A more detailed discussion of this 
requirement and the work that eventuated in the develop¬ 
ment of the one-cycle carrier relay system which is now 
the accepted system has been given elsewhere. 4 

Although developments of this system or slight modifi¬ 
cations thereof have been described in papers presented 
or being presented before the Institute, 8 ' 6 none of them 
however, have heretofore given a detailed discussion of 
the basis of application of carrier and particularly high¬ 
speed (one-cycle) relaying. In view of the fact that the 
authors have been engaged in the work of development 
of carrier relaying and its application over the past 11 

Paper number 37-112, recommended by tbe AIEE committee on protective de¬ 
vices and presented at the AIEE winter convention, New York, N. Y., January 
24-28,1937. Manuscript submitted October 16, 1937; made available for pre¬ 
printing November 27, 1937. 

Philip Sporn is vice-president in charge of engineering of the American Gas and 
Electric Service Corporation, New York, N. Y., and Charles A. Muller is 
protection engineer for the same company. 

1. For all numbered references, see list at end of paper. 


years, they hope to be able to give here an intelligent and 
comprehensive discussion of the principles of relay prac¬ 
tice as applied to carrier, to outline what can be accom¬ 
plished by its use, and to show actually how it has been 
applied and the way in which it performs. To this end 
the authors believe it will be helpful to describe briefly 
the actual carrier current relaying equipments which have 
proved highly successful in actual operation since their 
installation on the transmission lines of the various power 
systems with which they are associated. 

A diagram of the first effective carrier current arrange¬ 
ment is shown in figure 1 and will prove of interest. It 
consists basically of one three-phase power directional 
relay without voltage restraint, three instantaneous over- 
cuirent starting relays, three definite time overcurrent 
tripping relays and one receiver blocking relay. In case 
of an external fault the starting relays operate to close 
their contacts instantaneously at both stations. At the 
station where the power flow is from the line into the bus 
the directional relay opens its tripping contacts preventing 

the tripping relays from opening up the breaker. In addi¬ 
tion the transmitter plate contacts of the directional relay 
close, starting carrier transmission at this station. At 
the other station, the power flow is of necessity from the 
bus into the line and the tripping contacts of the direc¬ 
tional relay remain closed, thus not permitting the trans¬ 
mitter to operate. Carrier will be received by the re¬ 
ceiver relay which will open up the trip circuit at this 
other station. In case of an internal fault the power flow 
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at both stations will be from ' z 
the bus into fthe line, hence 3 
the tripping contacts of i.the 
directional relays at both sta¬ 
tions will remain closed and 
the transmitters will be in¬ 
operative. Therefore the trip¬ 
ping relays at both stations 
will close their contacts and 
trip their respective circuit 
breakers. 

As already mentioned, this 
scheme was entirely success¬ 
ful except for the compara¬ 
tively slow operation speed. 

The one-cycle scheme of pro¬ 
tection is shown in figure 2. 

It will be seen that the out¬ 
standing feature is the employ¬ 
ment of three simple multi¬ 
contact instantaneous im¬ 
pedance-type phase relays 
in one case and one multi¬ 
contact instantaneous ground 
overcurrent relay in combination with one three-phase tacts open. At the station where the power flow is from 
power directional relay with voltage restraint and one the bus into the line the directional relay contacts open, 
receiver relay. All contacts of the instantaneous fault- stopping the local transmitter from operating, but at the 
detector relays are circuit opening except the tripping other station the transmitter is operating causing carrier 
contacts which are circuit closing. This combination to be received, preventing the receiver relay contacts 
gives a circuit having the equivalent of a conrinuous from closing. After three cycles, the PA A lockout relay 
carrier circuit, with the battery taking the place of earner contacts at both stations open, to prevent the breakers 
under normal conditions. from tripping on sudden reversals of power flow after the 

Under normal conditions the CBP directional relay fault is cleared. Therefore at both stations the receiver 
contacts are held closed by voltage restraint applying relay contacts remain open, thus preventing tripping of 
plate voltage to the transmitter, but the transmitter does the circuit breakers. In case of an internal fault the 
not operate due to the normally closed contacts C of the operation is similar except that the directional relay con- 
fault detector relays applying a negative bias to the screen tacts will open at both stations, stopping transmission of 
grid of the transmitter. Further, the RBP receiver relay carrier and causing the receiver relay contacts to close at 
contacts are held open by the closed contacts B of the both stations and trip their respective breakers, 
fault-detector relays energizing receiver relay coil from 

the station battery. In case of an external fault, the H. Applications of High-Speed Carrier 
instantaneous fault detectors operate at both stations to to a Power-Transmission System 
remove voltage restraint from the directional relays, bias 

from the screen grid of the transmitters and local battery In order to show the possibilities in the way of applica- 
supply from receiver relay coils. The instant that the tion of high-speed carrier relaying to the solution of either 
bias is removed from the screen grids the transmitters at technically or economically difficult problems in the opera- 
both stations operate, thereby holding receiver relay con- tion of high-tension power systems, a series of problems 

as they normally present themselves to the transmission 




Figure 3. Illustrating problem 1: 66-kv system of Atlantic 
City Electric Company 


designer or operator will be taken up and the use of 
carrier in their solution will be briefly discussed. Alterna¬ 
tives where such exist will be given and the advantages 
pro and con through the use of carrier will be pointed out. 

Problem 1. Addition of Another Station 

m an Existing Transmission Line Loop 

Figure 3 is a typical existing transmission system loop 
which had been protected, adequately, until the change 
referred to below was carried through, by instantaneous 
overcurrent protection in conjunction with the standard 
time-delay reverse power protection. It is to be noted 
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that the normal source of power flow is from Deepwater 
to Atlantic City, very little generation taking place at 
Atlantic City, but reactive corrective capacity running at 
Bridgeton and Atlantic City. Owing to the increased 
demands for transmission facilities, an additional circuit 
shown dotted in figure 3 was called for between Deepwater 
and Bridgeton. Further sectionalization, which at Ocean 
View had not been resorted to owing to relaying difficulties, 
now became imperative in order to protect service to the 
region served by the step-down station located at Ocean 
View. 

In this particular case the standard solution would be to 
install balanced protection in conjunction with separate 
overcurrent or reverse power protection on the double 
circuit line between Deepwater and Bridgeton and go to 
reverse power overcurrent protection at Ocean View. 
This, however, would call for an increase in the time setting 
at Deepwater on the separate overcurrent relays and 
this, it was felt, would be intolerable in view of the fact 
that several important loads, very sensitive to voltage 
disturbances were being served at Bridgeton. The solu¬ 
tion adopted, therefore, was the installation of one-cycle 
carrier protection between Bridgeton and Ocean View. 
Carrier here was the only practical solution. 

It is to be noted in this case that no difficulties were 
taken into consideration from possibilities of double cir¬ 
cuit faults between Deepwater and Bridgeton, in view 
of the fact that the two circuits between those two points 
run on different rights of way. But if this difficulty had to 
be considered, then the necessity of carrier on the section 
between Deepwater and Bridgeton would have had to be 
given serious consideration. 

Problem 2. Prevention of Important 
Synchronous Motors Dropping Out of Step 

on Voltage Surges of Long Duration 

Figure 4 shows the 44-kv transmission system of the 
Appalachian Electric Power Company radiating out from 
the Cabin Creek generating station. The Belle Substa¬ 
tion supplies a large industrial chemical load of approxi¬ 
mately 50,000 kw demand, which consists mainly of 2,000- 



Figure 4. Illustrating problem 2: 44-kv system of Charles¬ 
ton division of Appalachian Electric Power Company 


and 2,700-horsepower low-speed synchronous compressor 
motors which are very sensitive to voltage surges. From 
extensive studies made, it was found that for any phase- 
to-phase fault occurring on this transmission system within 
an area of 20 miles of the Cabin Creek 44-kv bus, the 
synchronous motors at the chemical plant would drop 
out of step unless these faults were cleared within 10 
cycles. The assurance that all phase-to-phase faults 
within this area would be cleared in this time could be 
obtained only by installing the one-cycle carrier current 
relaying in conjunction with high-speed oil circuit breakers 
on all the line sections indicated in figure 4. Again carrier 
offered the only practical remedy in a very difficult case. 
It is to be noted that no carrier current installation was 
necessary on the Cabin Creek-Charleston line. It was 
found that the instantaneous overcurrent relay protection 
on this line section would clear the phase-to-phase fault 
within a period of 10 cycles for all phase-to-phase faults 
that were likely to affect the stability of the motors at 
the chemical plant. 

Problem 3. Stability of 

a High-Tension Transmission System 

Figure 5 shows a 350-mile double-circuit tie line be¬ 
tween the Philo station of The Ohio Power Company, the 
Twin Branch station of the Indiana & Michigan Electric 
Company, and the Michigan City station of the Northern 
Indiana Public Service Company. These three stations 
in turn tie in very extensive 132-kv networks totalling 
some 4,000,000 kw of generating capacity. On this tie 
line it was essential that all types of faults, such as, 
ground, phase-to-phase, and simultaneous faults on two 
circuits be cleared as rapidly as possible in order to keep 
within the stability limits of the tie line. In addition to 
high-speed oil circuit breaker installations, all the line 
sections with the exception of the short section between 
Twin Branch and South Bend stations were equipped with 
carrier current relay protection in addition to the standard 
schemes of balanced and instantaneous overcurrent pro¬ 
tection. Only the carrier current system offered fast 
enough relaying in case of simultaneous trouble on two 
circuits and at the same time insured in case of either 
single-line or two-line faults that all breakers on the sec¬ 
tion in trouble would trip simultaneously. Cascading of 
oil circuit breakers would result in too slow clearing and 
would make the transmission system either inoperative 
or materially reduce its transmitting capacity. 

This, of course, would be the case if an attempt were 
made to solve the problem through the use of a combina¬ 
tion arrangement employing either instantaneous over¬ 
current or distance relays. In short, as has been pointed 
out before, carrier is the only practical solution that gives 
the necessary protection for an important sectionalized 
line like this and makes possible the utmost development 
of its transmitting potentialities. 

Problem 4. Stability of Short Parallel Lines 
Radiating From a Large Generating Station 

Figure 6 shows the short double-circuit lines radiating 
from the Philo generating station supplying Zanesville and 
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Crooksville stations. These 132-kv circuits are very 
short in length and when simultaneous faults occur on 
both circuits, the shock to the 132-kv system is extremely 
severe and results in opening the tie line between Philo and 
Twin Branch stations unless such faults are cleared very 
fast. For single-line faults occurring on either of these 
lines, high-speed clearing is obtained by the standard 
high-speed balanced schemes of protection. In case of 
simultaneous troubles on both circuits, the standard 
forms of relaying would not assure fast enough clearing 
under these conditions. Due to the infrequent occur¬ 
rence of such faults, the cost of installing complete carrier 
current relaying equipment at all six terminals was not 
warranted. A scheme of carrier current relaying was 
therefore developed which would trip both oil circuit 



Figure 5. Illustrating problem 3: 132-kv double-circuit 
tie line of The Ohio Power Company and Indiana & Michi¬ 
gan Electric Company 


breakers at Philo station practically instantaneously only 
when a fault involving both 132-kv circuits occurred. 

Problem 5. Ultrahigh-Speed Reclosing 

The development of the idea of ultrahigh-speed re¬ 
closing and its application, including the performance of 
the equipment, has been presented in a previous paper. 7 
That paper described the installation of an ultrahigh- 
speed reclosing setup on a line of the Indiana & Michigan 
Electric Company. Figure 7 shows the transmission line 
in question including a number of connecting lines all of 
which comprise a 132-kv transmission loop circuit radiat¬ 
ing from the Fort Wayne station of the Indiana & Michi¬ 
gan Electric Company and supplying the Deer Creek and 
Delaware substations of the Indiana General Service 
Company. Although there is an interconnection with 
Kokomo, it has not enough capacity to supply the entire 
load of the Indiana General Service Company when sepa¬ 
rated from Fort Wayne station under double-line-fault 
conditions occurring on the two lines from Fort Wayne. 
The load here, therefore, really represents the general 
condition of a stub load fed from an interconnected system 
either by a single line or by a double-circuit line on a 
single tower line. The continuity problem is typical of 
the problem such a load presents of maintaining uninter- 



Figure 6. Illustrating problem 4: 132-lcv short double¬ 
circuit line of The Ohio Power Company supplying Zanes¬ 
ville and Crooksville 


rupted service either under a single-line or a double-line 
faulting, respectively. The only inexpensive solution for 
this problem is ultrahigh-speed reclosing. A trial instal¬ 
lation made a year ago on the Fort Wayne-Deer Creek 
line showed effective results in 75 per cent of the cases. 
Specifically, out of eight cases of faulting of the line be¬ 
tween Fort Wayne and Deer Creek on all of which ultra¬ 
high-speed reclosing took place, six definitely held on 
first reclosure and the other two resulted in the restriking 
of the arc necessitating retripping of the line. 

It is obvious that this does not give a 100 per cent solu¬ 
tion to the continuity problem but the fact that apparently 
75 per cent of flashovers can be eliminated as far as the 
system effects are concerned is, the authors believe, 
without question a major contribution to the solution of 
the continuity problem on transmission-line operation. 

In order to make high-speed reclosing practical, it was 
necessary to be able to re-energize the line not longer than 
20 cycles after the initiation of the fault, and it was neces¬ 
sary to very definitely have a waiting time between arc 
outage and line re-energization of between 6 and 8 cycles. 
To accomplish this and to assure both breakers on the line 
operating simultaneously, it was necessary to have a one- 
cycle carrier-current system; any other arrangement 
would have given neither the speed of clearing nor the 
necessary interval between clearing and re-energization to 
get the beneficial effects of rapid redosure. 

The problem of the application of ultrarapid reclosing 
to high-tension networks to eliminate the effects of line 
outage and to improve stability limits of such networks is 
a very broad problem and one that will warrant further 
consideration and it is hoped to present a paper on that 
in the near future. It is interesting, however, to observe 
that in a case of a double-circuit tie between two systems 
such as the one represented by figure 5, studies have 
indicated that for single-circuit operation the amount of 
power that can be carried through a disturbance with 
rapid redosure of the faulted circuit increases appreciably 
as the time of separation between the systems is decreased. 
This definitely points to the desirability of keeping the 
tripping and the reclosing time to a minimum even though 
the systems are large and the rate of decay of speed is 
slow. For double circuit operation with a dealing time 
of 12 cydes, it is possible to transmit 40 per cent more 
power with a successful rapid redosure of the faulted 
circuit than if the circuit is not redosed. 

All of the above indicate a great many unexplored 
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benefits from ultrarapid redosure and ultrarapid re- 
dosure is impossible of attainment without high-speed 
carrier relaying* 

Problem 6. The General Case—Summation 
In general it may be stated that high-speed carrier will 


An analysis of these 27 incorrect actions is given below. 
It is worth noting, however, that some possible 2,000 
external faults occurred during the same periods in all of 
which the carrier rdaying operated correctly, that is, the 
carrier operated to block within the healthy section. 


solve economically the transmission problem wherever 
the following operating situations develop: necessity of Figure 7. Illus- 
speed and utmost reliability in the clearing of faults to trating problem 5: 
accomplish minimum system disturbances; necessity of 132-lcv system of 
minimum disturbance to voltage sensitive equipment; Indiana & Michi- 
need to bring up to a maximum load stability limits, gan Electric Com- 
either static or transient, of a transmission line; and the pany radiating 
need of remedying the effect of line outage by ultrahigh- from Fort Wayne 
speed reclosure. In brief, whenever the necessity arises and supplying 
of counterbalancing the deleterious effects of system Deer Creek and 
faults by the utmost speed in removing them from the Delaware stations 
faulted sections to leave the rest of the system undisturbed, of Indiana Gen- 
or where high-speed reclosure of a faulted section is de- eral Service Corn- 
sired in a time so short that no ill effect of the initial fault pany 
results, the application of high-speed carrier relaying is , 
imperative. As system concentrations increase and the 
injurious effects of system faulting correspondingly rise, 
the necessity of counterbalancing the deleterious effects 
of system faulting obviously increases. 



HI. Performance of Carrier Equipment 

The discussion of the application developments given 
above shows, the authors believe, the wide application 
open to high-speed carrier relaying but after all, the 
theoretical benefits are of far greater significance if ac¬ 
companied by actual performance experience. In this 
connection the experience of the authors on their own 
system is, therefore, pertinent. At the time of writing 
(October 1937) there are 34 carrier current relay terminal 
installations in operation on the transmission systems of 
the various companies with which the authors are as¬ 
sociated. The first ten of these were placed in operation 
in 1933. Thirty-one of these installations protect 14 
line sections covering approximately 750 miles of single- 
circuit line. The other three installations are a solution 
of a special case and provide protection primarily for 
simultaneous trouble occurring on both circuits of a short 
double-circuit line. 

A tabulated summary of the operation of these carrier 
sets since their installation and the performance both on 
internal and external faults is given in table I. It will be 
noted that a total of 203 internal faults were experienced 
on these sets during the period 1933-1937, all of which 
were cleared correctly by the carrier relays. In other 
words, there was no case where relaying was called for 
that the relays did not perforin to clear the faulted section 
of line. This the authors believe, is unusually successful 
performance* During the > same period 27 incorrect 
carrier relay operations occurred on external faults—that 
is, there were 27 cases where faults occurring on sections 
external to those on which the carrier relaying was in¬ 
stalled, resulted in action—incorrect action—within the 
sections on which carrier relaying was installed. 


Another way of stating this is that proper blocking did not 
occur in some one per cent of the total cases carrier was 
called to block. The causes for failure to operate in this 
one per cent of the cases were the following: 

(a) . Seven of these operations were due to rain splashing up onto 
the protective gaps on the coupling capacitors from the under side 
thus shorting the gaps out for short periods of time and preventing 
the transmission and reception of carrier. This difficulty was cor¬ 
rected by increasing the gap settings and by providing better gap 
shielding. 

(b) . Two of the incorrect operations were due to vacuum gaps used 
in the trap units becoming defective. This caused the gaps to break 
down during fault conditions, preventing the transmission and re¬ 
ception of carrier. This difficulty was remedied by testing and 
checking vacuum gaps periodically once a year. 

(c) . Four of the operations were due to the tripping relay on the 
four-cycle carrier scheme not opening its contacts on resetting before 
the receiver relay had dosed its contacts in the reset position. This 
trouble was eliminated by the installation of an instantaneous pickup 
time delay dropout lockout relay which gave sufficient time for the 
tripping relays to reset, preventing false operations. 

(d) . Four wore due to the power directional relay contacts getting 
out of adjustment so the contacts did not dose positively enough 
when they should have dosed to transmit carrier. All of these four 
operations occurred on the same day and happened before the rday 
man reached the station to determine the cause of trouble. This 
trouble was remedied by adjusting the directional contacts so as to 
give plenty of wipe to insure positive dosing of contacts. 

(«). Eight of the operations were due to the adjustments of contacts 
on the fault detector and power directional rdays changing with time. 
This was remedied by installation of more positive fault detector and 
power directional rdays which so far have shown that they do not 
alter their adjustments with time. 

'(f), One of these operations was due to the tripping relay at one 
terminal being set through an error lower in magnitude than the 
starting rday at the other terminal. This obviously was bound to 
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cause an incorrect operation on an external fault. The remedy was 
simple. 

($)• One of the operations was due to the voltage control relays 
employed with the four-cycle carrier scheme not being set properly 
at both terminals to take account of the difference in voltages at the 
two stations for a case of system instability. This condition hqfg 
been remedied since then by employing proper settings on the under- 
voltage relays at the two terminals to take care of instability condi¬ 
tions. 

It will be noticed in every case the d efini te cause for 
the failure to block properly was found and the necessary 
remedy determined. This should therefore eventually 
give perfect performance. That this is not an unreason¬ 
able expectation is evidenced by the record of only a 
single incorrect operation during 1937, the period when 
the ma xim u m number of installations were in service. 

IV. Maintenance Experience 
With Carrier Equipment 

Those who have not had intimate experience with vac¬ 
uum tube equipment have sometimes shied at the applica¬ 
tion of carrier because of the seemingly great complication 


gram. In this regard the experience on the system with 
which the authors are connected may be of interest. The 
program carried out here is as follows: 

The transmission and reception of carrier are checked 
regularly by the station operators. At attended stations 
this check is made once each shift and at unattended 
stations it is made daily. This test is an over-all check 
of the carrier current operation and consists of each station 
transmitting in turn and reading the received signal from 
the distant station and the back-feed from the local trans¬ 
mitter, by means of a test plug and milliammeter provided 
for the purpose on the switchboard. Any abnormal 
variations in the readings obtained are reported immedi¬ 
ately by phone and the trouble is located and corrected 
by the carrier current maintenance man. 

More detailed tests and inspection of the carrier-current 
equipments are made regularly once every three months 
by Ihe carrier current maintenance engineer. These de¬ 
tailed tests include checking the tubes, operating voltages 
and currents; checking the transmitter-receiver unit for 
proper frequency and output, margin of received signal 
available, and interference from other carrier channels; 
checking “B” batteries for output capacity; checking line 


Table I. Summary of Carrier-Current Relay Operations on 34 Installations for Period of 1933-1937 


Company 

Line 

Kt 

of 

Line 

Length 

of 

Line 

(Miles) 

Date Carrier 
Relaying Put 
in Service 


Operations on Internal Faults 

Incorrect 

Operations on External Faults 

1933 1934 

1935 

1936 

1937 

Total 

1933 

1934 

1935 1936 1937 

Total 

Appalachian 4l Cabin Creek-Turner. 

...132.. 

.. 23.6 ... 

.Aug. 8,1934.. 


... 0.. 

.. 2.. 

■g 


m 


uni 

. .0. 

mm 

EH 

7 

Electric 

42 Cabin Creek-Turner. 

...132.. 

.. 23.6 ... 

.Aug. 3,1934... 


_0.. 


MtW 


pm 


wm 

, 4 


Vm 

g 

Power 

#1 & #2 Cabin Creek-Turner... 

...132.. 

.. 47.2 ... 

.Aug. 3, 1934.. 


.... 0.. 


Hi 


MM 


MiN 

..0. 

HHli 

PHM 

. 0 

Company 

Roanoke-Fieldale. 

...132.. 

.. 37.9 ... 

.Apr. 5,1936.... 

.... 





.. 16. 



..3. 

...i... 

.0... 

. 4 

Indiana & 

Fort Wayne-Deer Creek. 

...132.. 

.. 69.2 ... 

.May 18, 1936.. 




■m 

■n 

.. 9. 
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i 

Michigan 

South Bend-Michigan City. 

...132.. 

.. 41.1 ... 

.Apr. 16. 1937.. 





.. 2.. 

.. 2. 



.... 


o 

ft 

Electric 

South Bend-Plymouth-Michigan 











..,. 
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City.... 

...132.. 

.. 77.6 ... 

.Apr. 16.1937.. 





.. 3.. 

.. 3. 





n 
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South Bend-Plymouth-Michigan 
















City. 

...132.. 

..118.7 ... 

.Apr. 16, 1937... 

... 




.. I.. 

.. 1. 



. *.. 


.0... 

. 0 

The 

#1 Philo-Howard. 

...132.. 

.. 80.6 ... 

.June 22.1934.. 


... 4.. 

.. 2.. 

. 7.. 

.. 6.. 

,. 18, 




o 

o 

o 

Ohio 

#2 Philo-Howard..... 

...132.. 

.. 80.6 ... 

.June 22,1934.. 


... 1,. 

.. 6.. 

. 0.. 

.. 3.. 

,. 9. 


. o . 

n 

o 

o 

0 

Power 

#1 & #2 Philo-Howard. 

...132.. 

..161.2 ... 

June 22, 1934. . 


... 1.. 

.. 2.. 

. 4.. 

.. 3.. 

.. 10. 


..0.. 

mm 


.0... 

! o 
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h Howard-Fostoria-Lima....... 

...132.. 

.. 89.6 ... 

.Aug. 4,1933... 

. 3 

...16.. 

.. 0.. 

. 1.. 

.. 1.. 

.. 21. 

...0. 

..0.. 

. ,0. 

WM 

.0... 

. 0 


#2 Howard-Fostoria-Lima. 

...132.. 

.. 89.6 ... 

.Aug. 4,1033... 

. 3 

-9.. 

.. 3.. 

. 6.. 

.. 6.. 

.. 26. 

...0. 

..0.. 

. .0. 


.0... 

. 0 


#1 & #2 Howard-Fostoria-Lima. 

....132.. 

..179.0 ... 

.Aug. 4,1033... 

. 0 

... 0.. 

.. 0.. 

. 0.. 

.. 0.. 

0. 

...0. 

..0.. 

■HI 


.0... 

. 0 


#1 Fort Wayne-Lima. 

...132.. 

.. 63.2 ... 

.June 5.1933... 

. 3 

... 4.. 

..4.. 

. 2.. 

in 

.. 19, 

...1. 

..i.. 

■HI 

. 4 ? 

.0*... 

. 2 


42 Fort Wayne-Lima. 

...132.. 

..63.2 ... 

.June 5,1933... 

. 2 

... 8.. 

.. 2.. 

. 4.. 


.. 18. 

.. .0. 

i 

0 

n 

1 

2 


#1 & 42 Fort Wayne-Lima...... 

...132.. 

..126.4 ... 

.June 6,1033... 

. 1 

... 1.. 

.. 1... 

. 1.. 

mrm 

.. 4. 

.. .1. 


tHj 

■trUtt 

. JL. • • 

n 

i 


8c §2 Phito-Zanesville-Crooksville 132.. 

.. 43.9 ... 

June 21, 1934.. 


... 0.. 

.> 0,. 

. 0.. 

..,0.. 
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The 

#1 Stanton-Suburban. 

... 66 

10 .86... 

.June 9, 1034. .. 

.. • 

... 3... 

. 2... 

. 2.. 

.. 0.. 

.. 7.. 


..2.. 
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Scranton 

42 Stanton-Suburban... 

... 66 . 

...10.86... 

.June 9,1934 .. 

*.. 

... 2..4 

8 ... 

. 6.. 

.. 4.. 

.. 19.. 


. .2.. 

.0. 

NTllH. 

.0... 

. 2 

Electric 

#1 & #2 Stanton Suburban. 

... 66.. 

.. 21.7 ... 

June 9,1934... 

... 

... 0... 

► . 1... 

. 4.. 

.. 1.. 

... 6.. 


mm 

•m 

..0... 
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. 0 

Company 

Total.... 




.12 

...49.., 

..40... 

.64,. 

..48.. 

..203. 

...2. 

..7.. 

..8. 

...9... 

.1... 

.27 


of carrier circuits or the lack of sufficient confidence in the trap units for proper operation, and a. thorough visual 
thorough reliability of carrier and vacuum-tube equips inspection of all the equipment 

ment in general. The experience running over some two The following summarizes the troubles and experience 
decades with carrier and carrier tubes has been described with carrier current equipment over the past four and 
elsewhere. 8,8 Subsequent to the time the above per- one-half years as determined from the routine tests, 
formance was described, further operating experience con¬ 
firmed the utmost reliability of the carrier circuits and of Vacuum Tubes 

the vacuum tubes and their concomitant equipment. Vacuum tubes have shown exceptionally long life and a 
Nevertheless it needs to be pointed out that reliability high degree of reliability. Many of the type 210 tubes 
is not automatic and can be obtained onlyby a systematic, installed three to four years ago are still in service. The 
even though a comparatively simple, maintenance pro- shortest life recorded on this type of tube was 3,600 hours 
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and an average life of over three years is being obtained. 

In later equipments screen grid tubes were used for grid 
control of carrier transmission. Experience with the type 
48 tube used in a few installations showed that it had in¬ 
sufficient insulation to withstand the lightning and switch¬ 
ing surges which occur and a vacuum gap protector was 
to the equipment to prevent the surge voltages 
from getting to the tubes. This corrected the trouble 
due to voltage breakdown of the tubes and an average 
life of approximately one year has since been obtained 
with these tubes. The latest sets use type 802 tubes and 
no failures have occurred during the six month service 
period to date. 

2. “B” Batteries 

At some stations heavy duty “B” batteries are used as 
plate supply for the transmitter and receiver tubes. These 
have a life of between one and two years in this service 
but are normally replaced once a year. In some cases 
where these batteries were not replaced yearly, the end of 
life was definitely indicated by the regular daily tests. 

3. Trap Units 

Line trap units developed the following faults: 

(a). Paper condensers originally used varied their capacity with 
temperature, causing a change in tuning. This was corrected by 
using mica type condensers. 

(5). It was found that the mica type condensers due to their low 
impulse strength broke down in several instances on lightning 
surges and protectors were added. In the one instance of trouble 
since the above change was made lightning destroyed the vacuum 
gap but did not harm the tuning condensers. 

(c). Out of 37 traps in use there has been one case in which trap 
coils were deformed by a heavy fault current. This occurred on an 
internal line fault with an estimated short circuit current of 6,800 
amperes and both line traps were affected. 

4. Transmitter Receiver Units 

Maintenance experience with the transmitter receiver 
units has been quite satisfactory after the few minor 
defects in early equipments were corrected. These in¬ 
cluded : 

(a). The master oscillator was not sufficiently stable in frequency 
for satisfactory operation. This was corrected by redesigning the 
master oscillator circuit to provide more circulating energy in the 
oscillator tank and to reduce the coupling between the oscillator and 
power amplifier tubes. 

(&). The air timing condenser in the master oscillator circuit was 
originally connected between the tube plate and ground. It was 
found that any transient which broke this condenser down was 
followed by continuous arcing of the condenser fed from the d-c 
plate supply voltage. This trouble was corrected by using a fixed 
condenser in series with the variable condenser. 

The relay circuit employed with carrier relaying is 
tested monthly to determine that the circuit breaker will 
trip from the carrier relays and in addition the blocking 
action for an external fault is checked. In the case of 
the one-cycle carrier system where more delicate adjust¬ 
ments of relays are necessary, their over-all adjustments 
are checked monthly by operating each fault detector 
relay manually with power flow into the bus and noting 


that the receiver relay contacts do not move and remain 
in the open position. Once every six months the relays 
are calibrated, inspected, and readjusted where necessary. 


V. Conclusions 

The authors believe as a result of their experience in 
developing and applying carrier current relaying, out¬ 
lined in this paper that the following facts stand out par¬ 
ticularly: 

1 Carrier current relaying is definitely out of the experimental 
class and is now thoroughly practical, simple, reliable, and relatively 

low in cost. 

2. This form of relaying is universal in its application. 

3 Where conventional relay schemes have been applied up to their 
limit from the standpoint of getting proper selection, carrier relaying 
offers a solution for adding additional sectionalizmg stations without 
disturbing the existing relay set-up or increasing sectionalizmg 

time. At the same time, on the new protected sections sectionalizmg • 

time can be made a minimum. 

4 Where a system is sensitive to fault initiated voltage disturb¬ 
ances carrier relaying is the only practical form of protection which 
for every location and kind of fault will give short enough sectional- 
izing time to keep the duration of these voltage surges short enough. 

5 The limit on loading of important tie lines without running into > 

instability problems, is largely determined by the speed with which 
faults can be cleared. Carrier relay protection, which is the fastest 
practical universal scheme so far developed, materially aids in the 
operation of such tie lines to maximum advantage. Instability j 
difficulties on short lines radiating from large generating stations can j 
be effectively reduced by the application of this fast protection. j 

The development of ultrahigh-speed reclosing hinges directly j 
on high-speed relaying both because total operating cycle time must j 
be a minim um and because cascading of breakers cannot be tolerated, j 
Carrier current relaying again is the only practical form of relay pro- j 
tection which will accomplish this. ! 

7. The applications outlined above have been developed on the 

basis of experience. They have not been found difficult to carry out. j 

It may be found possible to further simplify the present scheme with ! 
time, but even as it stands, it has been found to be comparatively i 
simple. The equipment with which this work is being done has, 
on the other hand, during the period it has been in service proved to i 
be most rugged. It has given quality and reliability of protection 
few dared to think possible only about a decade ago. j 
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The Rating of Resistance-Welding Transformers 

By C. E. HEITMAN 

MEMBER AIEE 


Synopsis: The present method of rating resistance-welding trans¬ 
formers varies with the different manufacturers, causing a certain 
amount of confusion among the users of this equipment. It is 
recommended that a standard method of rating, based on the ther¬ 
mally equivalent continuous output, be adopted and adhered to by 
the manufacturers. The general requirements of a welding trans¬ 
former are discussed for the purpose of explaining the desirability of 
such a standard rating. 

Certain of the recommendations made herein are already embodied 
in the present AIEE Standards for resistance welding apparatus, and 
in the standards adopted by the Resistance Welder Manufacturers 
Association, but it is further recommended that these standards be 
altered to require additional name plate data. 

It is hoped that the transformer manufacturers and users will 
recognize the desirability of such standardization, and co-operate 
in its universal adoption. 

F OR various reasons comparatively little tec hni cal in¬ 
formation has been published concerning resistance 
welding, and today, only those who have had close 
contact and shop experience with this process are famili ar 
with the problems involved, both as to the technique of 
welding as well as to the requirements of the equipment. 
It is the purpose of this paper to discuss one of the most 
important items of the equipment—the welding trans¬ 
former—and offer further suggestions and recommenda¬ 
tions as to the standardization of this part of the welding 
apparatus. 

In the early days of resistance welding the transformer 
was considered not so much as a piece of electrical equip¬ 
ment but rather as incidental to the welding machine as a 
unit. The welding engineer himself knew comparatively 
little concerning the requirements of the transformer. He 
knew primarily that a relatively low voltage applied to a 
localized area of the pieces to be joined would cause a 
current to flow through these pieces, thus generating 
sufficient heat to fuse them together. 

In stationary welding machines the transformer is con¬ 
nected to the welding electrodes through short conductors 
of rather large cross section. The secondary or load cir¬ 
cuit is therefore of very low impedance, and the tendency 
is to consider it as effectively a short circuit on the trans¬ 
former. This condition might be rather confusing to 
some engineers concerned with welding. How is it pos¬ 
sible in the light of conventional transformer design 
knowledge, to design and build a transformer to stand up 
under the repeated short circuits demanded by the welding 
job? In fact I have heard it said by some that it was 
impossible to build a transformer which would stand up 
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and that failures due to bum outs were to be expected. 
It is, I presume, partly because of this condition that 
welding transformers have the vagueness as to rating that 
they now have. It is fairly axiomatic in the welding 
profession that transformer ratings mean little if anything 
at all. I have found in the past that a transformer 
manufactured by “A” might be physically much larger 
than the unit of the same name-plate rating manufac¬ 
tured by il B 3 3> yet load tests and actual service have in 
certain instances, shown that the larger transformer may, 
under the same loading, fail before the smaller one. This 
condition is due primarily to the fact that although the 
name-plate kilovolt-ampere rating of the two trans¬ 
formers is the same, the method of determining this rating 
may vary considerably. 

The welding manufacturers are aware of this condition 
and have taken certain steps toward standardization. 
Through mutual co-operation, under the sponsorship of 
the Resistance Welder Manufacturers Association, they 
have adopted transformer standards which call for a 
name-plate rating based on a 50 per cent duty cycle. In 
general, however, these standards pertain mostly to the 
method of manufacture, quality of materials, and limi t- 
ing values of current and flux density to be used, and not 
so much to the over-all performance of the transformer. 

Certain of these standards are desirable yet others, I 
feel, are superfluous. In order to allow the manufacturer 
latitude in his design he should not be limit ed, for example, 
as to the current density he uses. He should be allowed 
to increase the current density if he desires, thus reducing 
the weight of his unit, if he can at the same time provide 
sufficient cooling. On the other hand limitations as to 
flux density are desirable, as will be explained later. In 
general I feel that these particular standards do not neces¬ 
sarily insure uniformity as to performance, neither do 
they convey very definite information as to the capabili¬ 
ties of the transformer. A group of standards relating to 
performance is the logical way of relieving this condition. 

The present AIEE Standard No. 39, pertaining to 
resistance welding apparatus require that the welding 
transformer rating shall be a continuous rating, the 
thermal effects of which shall be as nearly as possible those 
of the actual duty for which the transformer is intended. 
These standards pertain entirely to the performance of the 
unit. They furthermore require the following minimum 
name-plate data on each unit. 

1. Manufacturers name, address, etc. 

2. Input in kilovolt-amperes (continuous rating). 

3. Frequency. 

4. Primary current. 

5. Primary voltage. 

However, these standards do not entirely cover the 
subject. Also, my experience has been that comparatively 


March 1938, Vol. 57 


Heilman—Welding Transformers 


Transactions 125 



few people active in the welding profession consider them, 
very seriously. I therefore feel that some additional rec¬ 
ommendations as to transformer standardization, based 
on the performance of the unit, are needed, and that a 
discussion might be helpful in bringing to the attention of 
manufacturer and user the reasons for these standards and 
the desirability of their universal adoption. 

Before making recommendations, I should like first to 
discuss in general the requirement of a welding trans¬ 
former in the hope that a better understanding of the 
operating conditions may be conveyed. This discussion 
will deal with the following: 

1. Required current and voltage during the welding period. 

2. Duty cycle. 

3. Thermally equivalent continuous kilovolt-ampere rating. 

4. Transformer impedance. 

5. Flux density. 

6. Secondary voltage range. 

7. Transformer cooling. 

The scope of this paper does not permit a discussion of 
the detail design features of the transformer. 

Requirements of the Welding Transformer 

In making a resistance weld, one requirement, among 
many, is a flow of electric current through the parts to be 
joined. It is the function of the welding transformer to 
supply this current. Its magnitude and the length of 
time during which it flows depends upon factors deter¬ 
mined by the particular welding job and it is not the 
purpose of this article to discuss these factors. Let us 
start with the assumption that a certain current is re¬ 
quired to flow for a certain length of time for each weld, 
and discuss the effect of these requirements upon the 
specification and rating of the transformer. 

The function of the welding transformer being to 
supply current to the parts to be joined, implies that a 
certain voltage is necessary at the terminals of the trans¬ 
former in order to force this current through the imped¬ 
ance of the circuit which conducts the current from the 
transformer to the welding electrodes. This impedance 
constitutes the load on the transformer and is composed 
of the resistance and reactance of the conductors and of 
the weld metal and joints. It is. usually very low as 
compared with load impedances encountered in the aver¬ 
age lighting or power application, yet it imposes a definite 
load on the transformer, and not a short circuit. 

One of the first requirements of the welding transformer 
is therefore, that the magnitude of its secondary terminal 
voltage under load conditions shall be sufficient to force 
the required welding current through the impedance of 
the external welding circuit. This voltage will be equal 
to the numerical product of the circuit impedance in 
ohms, and the welding current in amperes, and in order to 
determine it we must of course know the numerical value 
of the load impedance. The size, spacing, and length of 


spot welded at its center by means of a stationary ma¬ 
chine, the welding electrodes of the machine must be far 
enough away from the transformer to allow the edge of 
the sheet to clear it when the sheet is in the position for 
welding. This determines the length of the external cir¬ 
cuit which is commonly referred to as the “throat depth” 
of the machine. If on the other hand the sheet has a 
vertical flange which must fit into the throat of the 
machine in order to place the sheet in position for welding, 
then the spacing of the conductors must be such as to 
clear this flange when in the welding position. This 
determines the “throat height” of the machine. Some 
commercial stationary machines are built with adjustable 
throat depth and height, thus presenting different load 
impedances depending on the particular adjustment being 
used. 

In certain other applications, such as assembly opera¬ 
tions where the welding machine must be carried to the 
work, the so-called portable welding equipment is em¬ 
ployed, In such applications the welding tool is connected 
to the transformer by means of flexible copper conductors, 
the length, spacing, and size of which depend upon prac¬ 
tical considerations. This in turn determines the imped¬ 
ance of the welding circuit, external to the transformer. In 
most instances the cables can be tied together throughout 
most of their length except at their ends where they must 
be separated in order to facilitate fastening to the trans¬ 
former terminals and to the tool. This keeps the imped¬ 
ance to a minimum and prevents variations due to the 
cables swinging apart. In one such commercial applica¬ 
tions these cables are five feet in length and the total ex¬ 
ternal circuit impedance is about 0.001 ohm. 

The load impedance required for any particular job 
can in most cases be calculated with sufficient accuracy. 
For practical purposes, however, if a sample set up can be 
conveniently made, the impedance can be measured by 
means of a voltmeter and ammeter. 

One practical method of measuring this impedance is as 
follows. By means of any available transformer, force a 
certain current through the impedance. Then measure 
this current by means of an ammeter and current trans¬ 
former and also measure the voltage across the impedance. 
The ohmic value of the impedance is then: 

£load — -E // 

Since the ratio of E to I will be constant for a given 
impedance, the numerical value of the current chosen 
will be immaterial in so far as the result is concerned. 
However if the impedance is exceptionally small a rather 
large current may be necessary in order to produce a 
voltage drop which can be read with any degree of ac¬ 
curacy with the average shop instrument. Under such 
conditions, a current transformer with ratio high enough 
to measure the current may not be available. In this 
case the turns ratio (-4) may be determined by measuring 
the no-load primary and secondary voltage. Then with 
the load connected the primary current and load voltage 


the conductors leading from transformer to welding: elec¬ 
trode, determine this impedance, and these requirements are measure d. The value of the load impedance is then : 
are dictated by the practical requirements of the partic ular Eioad 

job to be welded. For example, if a large sheet is to be Zload •“ A X primary current 
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Once this is determined, the numerical product of this makes 20 ten-cycle welds per minute will develop twice 
impedance and the required welding current is equal to as much heat in its windings as a transformer making 
the voltage which must be maintained at the transformer only ten ten-cycle welds at the same current. As a re¬ 
terminals while it is delivering this current. In most suit it must dissipate twice as much heat in the same length 
practical welding applications this output is required for of time if the temperature of its ins ula tion is to be kept 
only a fractional part of a second to complete the weld, below the danger point. It must therefore be d esi g ned ac- 
The power is then interrupted and the material progressed cordingly, and although the two transformers deliver the 
to the next weld location. For convenience I should like same instantaneous output they must be quite different 
to refer to this product of root-mean-square current and in design and construction. 

volts during the welding period as the instantaneous The ability of any transformer to perform satisfactorily 
kilovolt-ampere output of the transformer. The in- without overheating, depends upon its ability to dissipate 
stantaneous kilovolt-ampere input will of course be some- the heat generated internally. If its thermal characteris- 
what higher due to the impedance voltage drop in the tics are such that it cannot dissipate this heat without 
transformer. exceeding the safe operating temperature of its insulation, 

Some manufacturers have in the past assigned kilovolt- the transformer will soon fail. 


ampere ratings to their transformers which they say is the 
maximum instantaneous kilovolt-ampere which it will 
demand from the line. In my opinion this rating m ean s 
very little if anything in so far as the transformer itself is 
concerned. 

Assuming a constant primary voltage, the instantaneous 
kilovolt-ampere input for a given ratio of transformation, 
will depend upon the load impedance, reaching a maximum 
when the load impedance is practically zero, under short 
circuit conditions. The internal impedance of the trans¬ 
former will therefore establish the maximum instan¬ 
taneous kilovolt-ampere that it can demand from the 
power supply. A rating stated in this manner is there¬ 
fore nothing more than a statement oJc the internal im¬ 
pedance of the transformer. In cases where the trans¬ 
former forms a part of the complete welding ma chin e, the 
minimum load impedance is fixed by the min imum throat 
depth and height, and this impedance together with the 
internal impedance of the transformer will limit the maxi¬ 
mum instantaneous kilovolt-ampere input. It is then 
perfectly legitimate to assign such a rating to the machine 
as a whole, but such a rating would mean very little if 
applied to the transformer alone. This rating when as¬ 
signed to the machine informs the user as to the m axim um 
instantaneous kilovolt-ampere that his lines and other 
power equipment must be capable of supplying, but it 
does not give him the complete story. It does not, for 
example, tell him whether the transformer is capable of 
performing a certain welding operation without burning 
out. This answer cannot as yet be given because we do 
not have sufficient information concerning the require¬ 
ments of the transformer. 

Duty Cycle 

We have already assumed that in makin g a resistance 
weld, a certain current is required to flow for a definite 
length of time. This current flowing through the wind¬ 
ings of the transformer will generate heat in the windings, 
which is proportional to the square of the current and to 
the length of time during which it flows: The average 
heating effect will therefore depend upon the time length 
of the current flow required to make one weld and upon 
the average number of welds per minute required of the 
machine. It follows therefore that a transformer which 


This immediately establishes another requirement of 
a satisfactory welding transformer, namely, that it shall 
have sufficient heat dissipating capacity to prevent over¬ 
heating when delivering the required instantaneous 
kilovolt-ampere output, at a specified welding time and 
frequency of operation. The number of conducting cycles 
per weld, and the number of welds per minute establish 
the fractional part of a minute during which the trans¬ 
former supplies current. This fraction is commonly re¬ 
ferred to as the duty cycle of the transformer, and must 
be known by the designer in order that he may incorporate 
the above requirement into his design. 

Thermally Equivalent 
Continuous Kilovolt-Amperes 

A transformer fulfilling these two requirements as to 
secondary voltage and heat dissipating ability, will per¬ 
form satisfactorily on any welding operation so long as the 
specified loading is not exceeded. The requirements so 
far have been specified with no reference whatever to 
kilovolt-ampere capacity. We have merely stated that 
the transformer shall be capable of delivering a specified 
secondary current at a specified duty cycle and main¬ 
taining under load conditions a specified voltage across its 
secondary terminals. There is no more simple way of 
stating the requirements, yet, it is desirable for various 
reasons to assign a kilovolt-ampere rating to the trans¬ 
former. How then, from the information so far given, 
can we assign a logical and legitimate rating? 

In all power and distribution transformers the kilovolt¬ 
ampere rating of each unit is equal to the kilovolt-ampere 
that it can deliver continuously without overheating, when 
operated under specified cooling conditions. Then why 
not, for the purpose of standardization, rate welding 
transformers accordingly? Some may say that this is 
not legitimate because the welding transformer is never 
called upon to operate continuously. The same may be 
said about power and distribution transformers, because 
during certain hours of the day they may operate under a 
considerable overload, while during the remaining hours 
they are very much underloaded. Yet they perform satis¬ 
factorily so long as the heating in the transformer, averaged 
over a period of time dependent upon the size and design, 
does not exceed the heating which would be caused if the 
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transformer operated continuously at its rated kilovolt¬ 
amperes. 

Since the heating effect of the current is proportional to 
the square of the current, it follows that a certain cur¬ 
rent flowing for 25 per cent of the time will produce the 
same average heating as a current of one-half that value 
flowing continuously. Therefore from a heating stand¬ 
point, this continuous current is thermally equivalent to 
the instantaneous current multiplied by the square root 
of the duty cycle. This, I should like to call the ther- 
mally equivalent continuous current, which multiplied by 
the secondary load voltage becomes the thermally equiva¬ 
lent continuous kilovolt-ampere output of the transformer. 
This we may call the kilovolt-ampere output capacity 
of the transformer, but since in the case of power and dis¬ 
tribution transformers the rating is determined by the 
product of load current and open circuit secondary volts, 
I recommend that the same method be employed in rating 
welding transformers. 

Impedance 

In discussing the welding transformer, my remarks have 
so far been confined to the secondary load voltage. To 
determine the open circuit secondary voltage we must 
know the impedance of the transformer. In other types 
of transformers this is usually expressed as impedance 
voltage drop in per cent of open-circuit secondary volts, 
at a specified loading which is usually the thermally equiva¬ 
lent continuous kilovolt-ampere rating of the transformer. 
It is my further recommendation that the same custom 
be adopted for welding transformers. However, since 
the instantaneous kilovolt-ampere output of the welding 
transformer will be equal to its thermally equivalent con¬ 
tinuous output divided by the square root of the duty 
cycle, then the per cent impedance voltage drop in the 
transformer at its instantaneous output will be equal to 
the per cent impedance drop at the equivalent continuous 
output divided by the square root of the duty cycle. 

Therefore the impedance voltage drop in the transformer 
during the welding period will be 

z/Vd 

where 


these two voltages be assumed to be in phase. 

Some users may be concerned with the magnitude of 
the internal impedance of the transformer at continuous 
rating. If this is high, a higher open-circuit voltage will 
be necessary in order to maintain a given secondary load 
voltage. This means a lower ratio of transformation and 
hence a larger primary current. In most cases this means 
very little, in so far as power consumption is concerned, 
but in any case it causes more heating and more voltage 
drop in the primary line feeding the transformer. On the 
other hand if the specified impedance is too low the addi¬ 
tional transformer cost may not be justified. This im¬ 
pedance should therefore be specified so as to strike an 
economic balance between the two extreme conditions. 
After consulting various manufacturers and experiment¬ 
ing with various designs, it appears now that the most 
economical impedance is from 4 per cent to 6 per cent. I, 
therefore, recommend that a transformer impedance of 
6 per cent beadopted as standard unless otherwise specified. 

It is usually not considered good practice to design or 
specify a transformer to operate at an instantaneous out¬ 
put of more than about three times the thermally equiva¬ 
lent continuous output. If the required instantaneous 
output is higher than this, the instantaneous impedance 
voltage drop in the transformer becomes excessive, and 
it is advisable to employ a transformer with a higher con¬ 
tinuous rating. This means that although the actual 
welding duty cycle may be only 1 per cent on a certain job, 
the duty cycle used in calculating the thermally equivalent 
continuous output should be not less than 9 per cent. As 
an illustration let us assume the following conditions as 
determined by the welding job. 

Required secondary current during weld = 10,000 amperes 
Welding circuit impedance = 0.001 ohms 

Length of current flow per weld « 7 cycles 

Number of welds per minute = 10 

From this we see that the number of conducting cycles 
per minute is 7 X 10 =70 and the actual duty cycle 
70/3600 = 0.0195 or 1.95 per cent. Also that the required 
load voltage is 10,000 X 0.001 = 10 volts. If then we as¬ 
sume a transformer impedance of 4 per cent at its con¬ 
tinuous rating, its impedance voltage drop during the 
weld will be: 


Z « per cent‘ impedance voltage drop at the thermally equivalent 
continuous output 
D « duty cycle 


Z/s/D 


0.04 


Vo.: 


0195 


0.04 

0.14 


0.285 


The open-circuit voltage of the transformer will then 
be the vector sum of the load voltage and the inte rna l 
impedance drop. The phase angle of these two voltages 
will vary, depending on the phase angles of the transformer 
impedance and of the external welding circuit. Their 
vector sum will therefore reach a maximum when both 
phase angles are the same. In other words, if we assume 
a certain required secondary load voltage, the required 
open circuit secondary voltage will be a maximum when 
the load voltage and the transformer impedance drop are 
exactly in phase. I therefore recommend that, in cal¬ 
culating the required open circuit secondary voltages or 
in specifying the transformer impedance voltage drop, 
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or 28.5 per cent. 

The required open-circuit secondary voltage will then 
be 10/(1-0.285) = 14 volts. 

The thermally equivalent continuous kilovolt-ampere 
output will be 

10,000 X 14 X Vo. 0195 .... 

--- - 19.6 kva 

1,000 

but due to the fact that the transformer loa ding during 
the welding period is (10,000 X 14)/1,000 = 140 kilovolt¬ 
amperes or 7.15 times the continuous rating, the instan¬ 
taneous impedance drop in the transformer is 7.15 X 4 per 
cent = 28.5 per cent. 

Electrical Engineering 


Hettman—Welding Transformers 



Assuming a 220-volt primary the instantaneous flow of 
current from the line (neglecting exciting current) will be 

14 

X 10,000 — 638 amperes 

If, on the other hand, we use a duty cycle of nine per c ent 
in calculating the thermally equivalent continuous out¬ 
put, the instantaneous impedance voltage drop in the 
transformer will be 

0.04 0.04 _ 

Vo^ 9 = 0.3 ■= 0-133 or 13.3 per cent 

The open circuit secondary voltage will be 10/(1-0.133) 
= 11.6 volts and the instantaneous flow of current from 
the line will be 

11.6 X 10,000 _ 

-—- - 626 amperes 

The thermally equivalent continuous kilovolt-ampere 
rating of the transformer will in this case be 

10,000 X 11.6 X V^09 _ 34 7kva 

1,000 

This rating is almost twice that required from a thermal 
standpoint, yet from a standpoint of voltage regulation 
and primary current flow, this larger rating is usually 
justified. 

Flux Density 

It is desirable to limit the maximum flux density in a 
welding transformer in order to limit the transient excit¬ 
ing current during starting. In energizing any transfor¬ 
mer, unless the circuit is closed at the proper point with 
respect to the voltage wave, the exciting current will con¬ 
tain a transient component which may be many times the 
normal exciting current. 1 The magnitude of this tran¬ 
sient component will depend upon the point of closure of 
the circuit with respect to the voltage wave, and upon the 
normal flux density in the core. In normal welding serv¬ 
ice the transformer is started, or energized, many times 
per minute, and since many of the commercial welding 
transformer controls do not provide for repetitively clos¬ 
ing the circuit at the proper point, rather high transient 
exciting currents might result, unless the maximum flux 
density is kept within reason. The existence of these high 
transient currents, places an additional burden upon the 
control apparatus and also produces additional heating 
in the primary of the welding transformer. With this 
type of control therefore it is desirable to limit the maxi¬ 
mum flux density. The limiting value will depend upon 
the characteristics of the iron used in the core. The maxi¬ 
mum flux density should be kept below the knee of the 
saturation curve. For the usual commercial transformer 
iron, I have found that a maximum flux density of 90,000 
lines per square inch gives satisfactory operation but 
should not be exceeded. I believe that most manufac¬ 
turers are conforming to this limit at the present time. 

It might further be said that the full electronic type of 
control usually has provision for repetitively dosing the 


circuit at the proper point to eliminate transients irre¬ 
spective of the value of the flux density. 

In such cases it is not so important to limit the flux 
density, except as it may be desirable to limit the normal 
exciting current. I feel, however, that irrespective of the 
type of control anticipated the maximum flux density, at 
ma ximum secondary voltage, should be limited so as to 
keep it below the knee of the saturation curve of the par¬ 
ticular iron being used. 

Secondary-Voltage Range 

In practically all resistance-welding applications, it is 
desirable for various reasons, to provide some means .of 
varying or adjusting the wdding current. For a giyen 
welding condition, the external drcuit impedance will be 
substantially constant. The only means therefore of 
varying the secondary or welding current is to vary the 
secondary voltage of the transformer. This can be ac¬ 
complished either by varying the primary voltage im¬ 
pressed on the transformer or, by varying, the number of 
primary turns in the transformer. Since the first method 
requires a separate voltage-adjusting transformer in addi¬ 
tion to the welding transformer, this is, in a number of in¬ 
stances, uneconomical. The most commonly used method 
of obtaining this welding current variation is to provide 
the welding transformer with a tapped primary winding. 
The previous discussion has dealt entirely with the maxi¬ 
mum secondary voltage at which the rating of the trans¬ 
former should be taken. Since the maximum secondary 
voltage occurs with minimum primary turns, in order to 
provide a lower secondary voltage a greater number of 
primary turns must be provided. For example if a maxi¬ 
mum secondary voltage of 10 volts is obtained when using 
22 primary turns, in order to obtain a minimum of 5 sec¬ 
ondary volts with the same transformer, 44 primary 
turns must be provided. Since these additional primary 
turns take up space and add weight to the transformer, it 
is therefore desirable to specify the minimum as well as the 
maximum secondary voltage, so as to limit the number of 
primary turns. In order to insure uniform adjustment of 
voltage in between these maximum and minimum values 
it is furthermore desirable to specify the number of volt¬ 
age adjustments available. For the average portable 
welding application, I have found that eight voltage steps 
ranging from 60 per cent to 100 per cent secondary voltage 
gives satisfactory operation. Applications may vary 
widely however, so that I do not recommend this as stand¬ 
ard. I do recommend that the standards require the manu¬ 
facturer to give this information, whatever it may be, on 
the name plate of the transformer. 

Cooling 

The above requirements can be met with an air-cooled 
transformer, however, this is considered uneconomical, 
particularly on the larger sizes. Most of the shops which 
use welding equipment are equipped with running water, 
and by using this water internally to cool the secondary 
winding of the transformer, the size, weight, and cost can 
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be considerably reduced. In order to know the amount of 
cooling he can depend on from this source, the manufac¬ 
turer must know or assume values for: • 

1. The temperature of the intake water. 

2. The pressure available to force the water through the winding. 

It must of course be remembered that the part of the 
internal heating attributable to core losses is directly pro¬ 
portional to the duty cycle, and that when tested at its 
continuous rating the transformer will develop slightly 
more internal heat than when operating at its equivalent 
intermittent capacity. This difference however is rather 
small due to the present tendency in design to make the 
core loss low and the copper loss high. This is done be¬ 
cause most of the cooling is derived from the circulating 
water in the secondary winding and therefore the heat 
generated here can be dissipated more readily. In a typi¬ 
cal design the ratio of copper loss to core loss was 4.5 to one 
measured at the continuous rating of the transformer. 
This gives a total loss of 5.5. The intermittent rating was 
at 50 per cent duty cycle so that under this condition the 
total loss would be 4.5 plus 0.5 or about 91 per cent of the 
total losses which would occur at the continuous rating. 
This allows a five per cent permissible increase in inter¬ 
mittent loading over the specified value, which gives a 
desirable safety factor. 

Recommendations 

In the foregoing, I have attempted to outline the 
electrical requirements of a welding transformer, placing 
them on a sound and logical basis. I have also attempted 
to outline my ideas and recommendations as to a logical 
basis of rating for such transformers. If the transformer 
is to give satisfactory and uninterrupted service, its ther¬ 
mal capacity must certainly be adequate for the particular 
job. 

Due to ever-changing manufacturing methods, the user 


constantly finds it necessary to shift his welding trans¬ 
formers from one job to another or from one machine 
frame to another. He must therefore have knowledge of 
the capabilities of each of his units in order intelligently to 
apply them to his jobs, with assurance that they will per¬ 
form satisfactorily, without overheating. This knowledge 
can be conveyed only when the transformer name plate 
bears the following information: 

1. Manufacturer’s name and address. 

2. Rated primary voltage. 

3. Frequency. 

4. Open-circuit secondary-voltage range, 

5. Thermally equivalent continuous kilovolt-ampere capacity (at 
maximum secondary voltage). 

6. Per cent impedance at rated kilovolt-amperes (6 per cent unless 
otherwise requested). 

7. Temperature rise. 

8. Type of cooling required (if water cooled, state required gallons 
per minute at specified intake temperature). 

It is therefore recommended that such name-plate data 
be considered for adoption as standard on all welding 
transformers whether they be individual units or part of a 
complete welding machine. In the latter case it is de¬ 
sirable that the maximum instantaneous kilovolt-ampere 
demand, or the maximum primary and secondary current 
of the machine as a whole be stated, in addition to the 
above data pertaining to the transformer. 

With this data available the user, knowing the require¬ 
ments of his job, does not need to go through the painful 
and expensive experience of a transformer failure to dis¬ 
cover that it is too. small for the job. Such experiences 
can be entirely eliminated to the decided benefit of user and 
manufacturer as well. 
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Protection Features for the Joint Use of Wood Poles 

Carrying Communication Circuits and Power-Distribution Circuits Above 5,000 Volts 


By J. O’R. COLEMAN A. H. SCHIRMER 

MEMBER AIEE MEMBER AIEE 


Synopsis: The paper reviews the historical development of joint 
use and the general results to date of studies of protective problems 
of lower and higher voltage joint use. The safety features are re¬ 
viewed from the standpoint of (1) subscribers* premises, (2) employ¬ 
ees, and (3) telephone plant. Characteristics of equipment of power 
and telephone plant as far as they relate to this problem are given. 
The various factors which determine magnitude and duration of the 
current and voltage in the telephone plant resulting from a contact 
with power conductors are discussed. Improved methods for ob¬ 
taining safety under various conditions, where higher voltage joint 
use is found to be the best over-all solution, are described. 


I N THE EARLY days it was the opinion of both the 
power and telephone industries that their respective 
lines should be kept apart except at unavoidable cross¬ 
ings. As the plants grew, this became more difficult and 
much overbuilding, conflicting construction, and some 
joint use resulted. By 1906 it was recognized that properly 
engineered joint use was generally preferable to overbuild¬ 
ing one line with another. Also, even at this early date it 
was recognized that, from the public point of view, joint 
use was more desirable than the construction of paralleling 
pole lines on the same street. However, no generally recog¬ 
nized construction specifications providing for adequate 
clearances, strength of construction, and suitable material 
were available and each situation had to be studied indi¬ 
vidually. 

The first general joint use agreement was negotiated 


since that time and the successful use during the last 25 
years of joint poles for power circuits and telephone cir¬ 
cuits has shown that such lines when constructed and 
maintained in accordance with recognized practices are 
the best engineering solution in many situations. There 
are today over 5,000,000 such joint poles in this country. 

In 1926 the joint general committee of the National 
Electric Light Association and the Bell Telephone System 
recommended that the following general principles be ad¬ 
hered to as a guide in establishing joint use arrangements: 
‘ 'Each party should : 

a. Be the judge of the quality and requirements of its own service, 
including the character and design of its own facilities. 

b . Provide and maintain facilities adequate to meet the service 
requirements including such future modifications in these facilities as 
changing conditions indicate to be necessary and proper. 

c. Determine the character of its own circuits and structures to 
be placed or continued in joint use, and determine the character of 
the circuits and structures of others with which it will enter into or 
continue in joint use. 

d. Co-operate with the other party so that in carrying out the 
foregoing duties, proper consideration will be given to the mutual 
problems which may arise and so that the parties can jointly deter¬ 
mine the best engineering solution in situations where the facilities of 
both are involved.** 

In the earlier agreements for general joint use, a limita¬ 
tion of 5,000 volts was placed on the power circuits. This 



between a power company and a telephone company about 
1906. This included joint use construction specifications 
worked out by the companies concerned. This formed the 
basis for many other subsequent agreements. Joint use 
construction methods have been under development ever 

Paper number 37-135, recommended by the AIEE committees on power trans¬ 
mission and distribution and communication, and presented at the AIEE winter 
convention, New York, N. Y., January 24-28, 1938, Manuscript submitted 
November 1, 1937; made available for preprinting December 22, 1937. 

J. O’R, Coleman is an engineer for the Edison Electric Institute, New York, 
N. Y., and A. H. Schirmbr is protection standards engineer for the Bell Tele¬ 
phone Laboratories, Inc.,New York, N. Y. 


limit did not prove to be, in general, unduly restrictive in 
the earlier days, as distribution circuits were largely below 
this voltage and transmission circuits were above it. How¬ 
ever, the engineers who made the studies upon which the 
early agreements were based recognized that there would 
be need for joint use above 5,000 volts in cer tain specific 
situations and that joint studies should be made with a 
yiew to providing standards for such cases. Shortly there- 
after, specifications were adopted which provided for 
“higher grades” of construction for joint use involving the 
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higher voltage circuits and for many years in specific situa¬ 
tions where joint use could not practicably be avoided, 
such construction was adopted. 

Later on, however, there was a marked increase in the 
use of higher voltage distribution circuits to meet growing 
loads and expanding service areas, and in recent years 
there have been an ever increasing number of instances 
where it has been necessary to consider general joint use 
in specific areas with voltages up to about 13 kv. In view 
of this, the joint subcommittee on development and re¬ 
search of the Edison Electric Institute and the Bell system 
undertook to find a less burdensome and more satisfactory 
solution to this problem. This paper outlines the progress, 
to date, which has been made in this connection. 

Their study has included a detailed investigation of 
many of the factors in both the power and telephone sys¬ 
tems which affect safety in the event of accidental con¬ 
tacts. Co-ordinative measures have now been developed 
which, where applicable, will provide safety for joint use 
with the higher voltages comparable to that enjoyed with 
joint use with the ordinary distribution voltages. In fact, 
it has been established that the degree of hazard in any 
proposed situation cannot be measured solely by the volt¬ 
age of the power system and that numerous other factors 
must be taken into account. 

Separate Lines Versus Joint Lines 

Power transmission lines and telephone toll tiring are of 
such a nature and so located that in general it has not been 
desirable to have them joint, and it has been generally 
feasible to find separate nonconfiicting routes for such lines. 

On lie other, hand, distribution circuits of both plant s 
in urban and suburban and other built-up areas present 
an entirely different problem. In order to render power 
and telephone service to the individual customers, it is 
necessary to make provision for service connections of each 
utility to all houses on both sides of the street In such a 
situation, if the power line were constructed on one side 
of the street and the telephone line on the other side, there 
would be frequent crossings of service connections u nder 
each line and criss-crossing of the services themselves. The 
construction and maintenance of such lines to provide for 
proper clearances involve many difficulties. With general 
joint use, telephone drop wires and power service wires 
both run from the same pole, simplifying the maintenance 
of proper clearances. At crossings, the probability of 
contact, in case of line wire failure, is materially less if the 
crossing occurs at a common pole rather than in mid-span. 
In view of these considerations, joint distribution line s 
are in general use in urban areas. 

In rural or thinly settled areas the conditions are, of 
course, substantially different and it has been generally 
practicable and desirable to construct separate lines. 

Telephone Circuits 

Figure 1 shows a schematic layout of a Bell system local 
telephone circuit such as might be involved in joint use. 
Telephone plant between the central office, and the sub- 
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Table I. Guses of Contacts Between Power-Supply] Con¬ 
ductors and the Telephone Plant 



250 Volt- 
5 Ky 

5- 

15 Kv 

Conductor Failure. 


.224 

Pole Failure. 



Other Causes. 

.. 355. 

. 85 

Total. 



Conductor Failure. 

.. 1,545. 

.224 

Cause Unknown. 

. '301. 


Storm.. 

. 214. 

. 9 

Trees. 

. 481. 

. 34 

Lightning. 

. 41. 

. 28 

Acts of Public. 

. 09 . 

. 34 

Glaze, Wind, Cold. 

. 189. 

15 

Conductor Hits. 


. 10 

Fires Near Line. 

. ii. 


Defects... 

. 0 . 

. 4 

Insulator Failure. 


. 9 

Splices... 


. 2 

Miscellaneous. 


. 4 


Pole Failure. 

Cause unknown. 

. 20. 

... a 

Storm. 

. 10 . 

4 

Acts of Public... 


.. 17 

Wind.. 

. 16 . 

14 

Rotten. 


. 4 

Falling Trees. 

. 4. 


Fires Near Line. 

.. 4. 

2 

Electrical Burns. 


. 4 

Guy Failure. 




Lightning. X 


Pole Inadeq. Rcinf. . . 1 

Soft Ground. ’ * ’ i 


Other Causes. 

______ 355... 

85 

Increased Sag. 


39 

Trees. 


7 

Constr. & Malnt... 


19 

Indirect. 

.. 30. 

0 

Miscellaneous... 




scriber includes underground cable, aerial cable, and aerial 
wire, any one or two of which, of course, may be absent 
in particular cases. 

Exposed telephone lines entering subscribers' premises 
are protected by a fuse in series with each line condu ctor 
and protector blocks which provide a spark gap between 
each line conductor and ground. When an overvoltage 
occurs, the protector blocks operate and ground the cir¬ 
cuit The value of the voltage on the subscriber’s station 
wiring after operation of the protector blocks Hpp pnrfc upon 
the impedance of the ground and the amount of fault 
current through it. The operation of the telephone fuse 
Will remove this voltage from the telephone wiring and 
equipment on the subscriber’s premises on the instrument 
side of the protector. Exposed local telephone hu p s en¬ 
tering central offices are equipped with protector blocks 
and fuses or a section of small gauge cable to act in place 
of the fuses. Exposed interoffice trunks and toll circuits 
are similarly protected. 

Power Circuits 

Figure 2 shows the elements of a power distribution cir¬ 
cuit between the substation bus and the consumers’ 
premises. In this diagram are included such dements as 
a reactor, voltage regulator, and residual current rday 
which might or might not be employed in specific cases. 
For these circuits a ground is provided on the wi ring which 
is extended into the customers’ premises in order to pre¬ 
vent a rise in potential of the interior wiring in 0 f 


contacts between primary and secondary or breakdown 
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of the service transformer. This ground also drains off 
any static potential on these wires. In case of failure the 
operation of the transformer fuse or the substation circuit 
breaker interrupts the primary voltage. In certain cases 
branch circuit fuses are also included so that the whole 
primary circuit is not interrupted in case of a fault 

Factors Affecting Safety 

In addition to the generally recognized construction 
features and protection practices, safety in joint use is 
largely affected by the four following factors: 

1. Frequency of occurrence of accidental contacts between power 
and telephone circuits. 

2. Voltage on the telephone plant when contact occurs. 

3. Duration of excessive voltage on the telephone plant. 

4. Current in the telephone plant when contact occurs. 

Safety is a relative condition, there being no such thing, 
of course, as absolute safety. However, the highest de¬ 
gree of safety reasonably obtainable under the circum¬ 
stances should, Of course, be provided. In the studies upon 
which this paper is based, judgment from the safety stand¬ 
point was based on long experience with joint use with 
lower voltage distribution circuits. 

Frequency of Occurrence of Contacts 

Over the past 15 years Bell Telephone System com¬ 
panies- have been collecting information on accidental 
contacts and their causes, the data being reasonably com¬ 
plete for the past seven years. These data consist mostly 
of cases involving joint use for the lower voltages and 
crossings for the higher voltages. The available data were 
analyzed and a summary of the analysis is given in table I. 

This tabulation shows that for both voltage classifica¬ 
tions a large majority of the failures resulting in contacts 
were caused by factors independent of the circuit voltage, 


of occurrences of contacts will not be materially different 
at the higher distribution voltages from that experienced 
at the lower voltages. 

Type of Plant 

For joint construction following recognized practices, 
the probability of contact varies with the types of plant 
involved as indicated by the following: 

1. Power circuits and telephone circuits, both of aerial wire con¬ 
struction. A failure of a power conductor will generally result in 
contact with one or more of the telephone conductors. 

2. Aerial wire power circuits and lead-sheathed telephone cable. 
The probability of contact due to a power conductor failure is less 
than in (1) above. 

3. Aerial wire power circuits and one or more telephone paired 
wires attached directly to the pole. Here the probability of contacts 
is less than (2) above, due to the protection afforded by the paired 
wire insulation. 

4. Power conductors in cable. Regardless of the type of telephone 
plant, the probability of a fault which would result in a contact 
with the telephone plant is remote. 

The type of plant also has an important bearing on the 
effects when a contact does occur as is discussed later, and 
should be given due consideration in any study of the 
safety of joint use situations. This is particularly im¬ 
portant in situations of limited extent where the applica¬ 
tion of general co-ordinated measures would not be justified, 
as for example, where a few spans of paired wire are carried 
on power poles used for the higher voltage distribution 
circuits. 

Trees 

The presence of trees along streets may have a material 
effect upon the frequency of occurrence of contacts. If 
trees grow into the line, arcing may occur between the trees 
and the wires, weakening the wire and causing failure. To 
obtain satisfactory operation, higher voltage circuits gen¬ 
erally require more definite clearance from trees. 



such as storms, falling trees or branches, acts of the public, 
etc. 

This study, combined with observations made during 
field inspections and general studies of causes of line fail¬ 
ure, indicates, assuming proper construction and mainte¬ 
nance for the various voltages involved, that the frequency 
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The effect of the trees can be overcome to some extent 
by the use of tree wire where the lower-voltage primaries 
are involved, but such wire has not been extensively used 
for the higher voltages. Where the power circuits are 
located above the trees, the branches afford some pro¬ 
tection to telephone plant below them and in addition the 
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Table II. The Effects of Various Elements of the Circuit Involved in a Contact With the Telephone Plant 


4-Kv 4.6-Kv 6 . 6 -Kv . 6 . 6 -Kv 13.2-Kv 13.2-Kv 

Wye Delta* Wye Delta* Wye Delta* 


Kva of Substation and Power System Voltage. In general the substation may 
be represented by an impedance in series between the line and the power source 
which increases as the square of the voltage and decreases inversely as the kva. 
To illustrate the effect of substation kva and power-system voltage, a contact 
between the power circuit at a point one mile from the substation and a 1 . 5 -inch 
diameter telephone cable grounded four miles away is assumed. The tabulation 
shows the contact voltage and current for a 200 -kva and a 5 , 000 -kva sub¬ 
station. 

Length of Power Line . The greater the length of power circuit between the sub¬ 
station and the point of contact, the smaller will be the voltage impressed on the 
telephone plant and also the smaller will be the currents in the fault circuit. To 
illustrate this, a power circuit three miles and 15 miles long, respectively, is 
assumed in contact with a telephone aerial cable of 1 . 5 -inch diameter which is 
four miles from an underground section. This situation would result in volt¬ 
ages and currents sis shown. 

Length of Aerial Cable in a Cable Contact . A 5,000 kva substation and five 
miles of power conductor is assumed in contact with an aerial cable of length 
one-quarter mile and four miles, respectively, the cable being one inch in di¬ 
ameter. 

Open-Wire Contact. To illustrate the effect of contact with open-wire circuit, 
assume a contact in middle of a four-mile telephone open wire run < 0 . 10 ® iron), 
one station at end. Also assume a 5,000-kva substation and five miles of number 
2 power conductor. Resistance of station ground and impedance of cable sheath 
assumed negligible. 


Open-Wire Contact . Same as above except telephone wire parted and power 
conductor remaining in contact with subscriber end. 


200 kva I * 170 I « 220 I - 181 I «■ 195 I - 127 I ■* 118 

V - 1,340 V - 1,730 V - 1,420 V * 1,530 V - 1,000 V « 928 

5,000 kva I - 235 I * 400 I « 381 I « 032 I - 075 I - 1,012 

V - 1,800 V - 3,020 V “ 3,000 V - 4,900 V - 5,300 V « 7,950 


3 miles I - 175 I * 348 I ■* 288 I ■» 500 I * 577 I - 1,000 

V « 1,380 V - 2,740 V = 2,280 V - 3,940 V - 4,550 V - 7,800 

15 miles I - 67 I « 132 I - 110 I - 190 I - 219 I - 380 

V - 525 V - 1,044 V - 805 V - 1,500 V - 1,730 V - 3,000 


Vt-mile I - 241 I « 474 I - 383 I ** 035 I - 081 I - 1,010 

cable V - 137 V - 270 V - 220 V - 302 V - 388 V - 575 

4-mile I - 135 I - 200 I - 219 I « 370 I - 410 I «■ 050 

cable V - 1,210 V - 2,400 V - l,97p V - 3,340 V * 3,700 V - 5,860 

Current at 

contact I - 40 I - 80 I - 60 I - 114 I - 131 I - 225 

Voltage at 

contact V - 1,990 V * 3,980 V « 3,280 V - 5,090 V - 0,560 V - 11,250 

Fuse duty V - 2,160 V - 4,280 V - 3,540 V - 6,150 V - 7,090 V - 12,220 

Current 
through 
subscrib¬ 
er's fuse I - 20 I - 40 I - 33 I - 57 I * 06 I - 113 

Current at 

contact I « . 22 I - 43 I *» 35 I - 02 I - 71 I - 122 

Voltage at • 

contact V - 2,160 V - 4,280 V - 3,540 V - 6,150 V * 7,090 V - 12,220 
Subscriber 


fuse 

_____ duty V - 2,310 V « 4,600 V - 3,810 V * 0,000 V « 7,620 V ~ 13,200 

* For delta circuits a double fault is assumed, one fault being located at the substation. * ~ 


probability of faults resulting from broken branches, fall¬ 
ing trees, etc., is reduced. 

Voltage on Telephone Plant 

The voltage on the telephone plant in case of contact is 
dependent upon the power circuit voltage and the ratio 
of the impedance in the telephone plant between the point 
of contact and ground to the total impedance of the fault 
circuit. Table II shows how the power circuit voltage, 
the substation capacity, the length and character of the 
power circuit, and the length and character of the tele¬ 
phone circuit affect the currents and voltages in case of 
contact. 

In the subscriber plant the voltage at the point of con¬ 
tact is of prime importance, as a subscriber may be con¬ 
nected to the line nearby. On the other hand, for a toll 
circuit the voltage at the point of contact is of less impor¬ 
tance and the voltage at the cable terminals or the termi¬ 
nals of the circuit should be used as a guide in connection 
with an appraisal of the situation. 

Where the voltage on the telephone plant is higher than 
the capacity of the telephone fuse, the fuse may fail to 
clear the circuit and an arc be maintained across the fuse. 
Such an arc, if continued, may do considerable damage or 
start a fire. If the telephone fuse operates and opens the 
circuit the potential will remain on the drop wire. If this 
potential is above the dielectric strength between the con¬ 
ductors of the drop wire, failure of the insulation may also 
result. ■ 


Power-System Impedance 

The major elements involved in the power-system im¬ 
pedance are the substation and the power line up to the 
point of contact. The line impedance is dependent mainly 
on the length of the line and the wire size, as indicated in 
table C of figure 3. Line impedance is independent of 
the circuit voltage. The substation transformer may be 
considered as an impedance in series with the line. Trans¬ 
former impedance (assuming the same percentage react¬ 
ance) varies directly with the square of the voltage and in¬ 
versely with the kilovolt-amperes. Values for various line 
voltages and station capacities are given in table .4 on 
figure 3. Since for the delta connection a double fault is 
involved, the equivalent substation imp edance is twice 
the value for the wye connection, assuming the same capac¬ 
ity and line voltage. For single-phase circuits the correct 
transformer reactance is given in table A, if single-phase 
voltage and transformer capacity are used. 

Telephone System Impedance 

For a given power circuit condition, the voltage im¬ 
pressed upon the telephone plant is dependent upon the 
telephone circuit impedance from the point of contact to 
ground. 

Contacts with telephone cable result as a rule in lower 
voltages on the telephone plant than do contacts with open 
wire, because cable sheaths usually present a lower im¬ 
pedance to ground. When a contact with a telephone 
cable occurs, the impedance to ground of the telephone 
plant is the impedance of the aerial cable sheath between 
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Xt= 2 TIMES VAUUE SHOWN 
IN TABLE A 

NOTE: - FOR DELTA CIRCUITS A 
DOUBLE FAULT IS ASSUMED 


I 


s (Rl+J*l) from TA0le c 


PROTECTOR 


R ug J^uaRaeXae Row x ow I Row Xqw , Rg 

—eT\_c>—11-V\A/ — 3 . 


TELEPHONE LINE. CONTACT TO CENTRAL OFFICE 
TELEPHONE PLANT IMPEDANCE 

=[pow (table B)+Rae (Table D)+Rug (table e)] 
+JOow (table B)+Xae (Table o)+x U g (table e)] 
“(Rco+JXco) 

= Z Cq/ 9 C0 MAGNITUDE AND *NGLE FROM CHART 


J. 


TELEPHONE LINE. CONTACT TO SUBSCRIBER 
TELEPHONE PLANT IMPEDANCE 
s [Row (TABLE B)+ Rg (TABLE E)] 

+J Xow (table B) . 

=(Psub + JXsub) 

»Zsub / 9 SUb MAGNITUDE AND ANGLE FROM CHART 


IMPEDANCE .OF THE 2 PATHS TO GROUND IN THE TELEPHONE PLANT 

■ (Rco+ Rsub)+J (Xco+XsubHRser+JXser)® Zser/fser magnitude & angle from chart 


parallel = (2co xz sub) /^(>+Qsub~ e 5 er a z te l/ e tel =(Rtel+J x teP components from chart 



NATURE OF 
CONTACT 

TOTAL FAULT CIRCUIT 
IMPEDANCE 

CONTACT 

"ET 

CONTACT 

VOLTS 

(V C ) 

FUSE 

AMPERES 

(ifu) 

FUSE 

m 

SUB. 

& 

DROP-WIRE 

Tvri? 

1 

NO FUSE OPER¬ 
ATION OR PLANT 
BURN OFF 

<RL+Rtet)+J(*t + VXtel) 
=R|+JX|-Z| FROM CHART 

E /z, 

r c z tel 

Vc / Z sub 


I fa R g 

x fuRg 

tu 

NO PLANT BURN 
OFF -FUSE 
OPERATED 

(Rl+Rco)+j(Xt+X|_+Xco) 
*R2+JX2*Z2 CHART 

E 4 



IcZcO 

ZERO 

icZco 

* 

1 

PLANT TO CO. 
BURNED OFF- 
NO FUSE OPER. 

(RL+Rsub)+j(Xt+x L +x S ub) 

=R3+JX 3 *Z 3 FR0M CHART 

e /Z3 

IcZsub 

'Vzsub 

a 

BB 

*fU R g 

* 

PLANT TO C.O. 
BURNED OFF- 
FUSE OPERATED 

INFINITE 

ZERO 

E 

ZERO 


ZERO 

E 

AERIAL CABLE 
CONTACT 


E /Z4 

*C z CO 


B 

B 

— 

CONTACT WITH DROP 
WIRE FROM CABLE 

SAME AS OPEN-WIRE CONTACTS WITH OMISSION 
OPEN WIRE FROM TELEPHONE PLANT*IMPEDANCI 

OF 

ES 



— ASSUMPTIONS — 

1 — EARTH RESISTIVITY =100 METER-OHMS 

2 — SPACING OF PHASE WIRE AND NEUTRAL » 6 FEET 

3 - INFINITE SUPPLY CAPACITY TO THE SUBSTATION, 

WITH NO PATH FOR EARTH CURRENTS 



80 90 100 ||0 120 

RESISTANCE IN OHMS (R) 


200 


TABLE A 

, SUBSTATION REACTANCE IN OHMS 
(TRANSFORMERS— 6 PER CENT REACTANCE) 

KILOVOLT¬ 

AMPERES 

x —1 

4 KV 

6.9 KV 

II KV 

13.2 KV 

100 

9.60 

28.57 

72.6 

104.54 

200 

4.80 

14.29 

36.3 

,52.27 

300 

3.20 

9.52 

24.2 

34.65 

500 

1.92 

5.71 

14.52 

20.91 

750 

1.28 

3.61 

9.68 

13.94 

1000 

0.96 

2.86 

7.26 

10.45 * 

1500 

0.64 

1.90 

4,84 

6.96 

2000 

0.48 

1.43 

3.63 

5.23 

3000 

0-32 

0.95 

242 

3.49 

5000 

0.19 

0.57 

1.45 

2.09 

7500 

0.13 

0.36 

0.99 

I #39 

10,000 

0.10 

0.29 

0.72 

1.05 


TABLE B 

TELEPHONE OPEN-WIRE IMPEDANCE 

IN OHMS PER 1000 FEET 

WIRE 

R 

X 

* 0.080 CU 

1.63 

0.32 

0.I04CU 

0.97 

0.32 

0.128 CU 

0.64 

0.30 

0.165 CU 

0.40 

0.30 

0.083 STEEL 

16.3 

1.52 

0.109 STEEL 

9.5 

1.52 

0.134 STEEL 

6.3 

*1.52 

DROP WIRE 

14.2 

0.36 


TABLE C 1 

POWER-LINE IMPEDANCES FOR PHASE-TO-GROUND 
FAULTS IN OHMS PER 1000 FEET 

WIRE 

3-WIRE CIRCUIT 

4-WIRE CIRCUIT 1 

R 

X 

R 

X 

4/0 

0.070 

0.275 

0.063 

0*201 

3/0 

0.083 

0.275 

0.102 

0.203 

2/0 

0.100 

0.277 

0,117 

0.210 

0 

0.123 

0.278 

0.144 

0.218 

1 

0.150 

0.280 

0.176 

0.225 

2 

0.167 

0,280 

0.214 

0.235 

3 

0.227 

0.282 

0.259 

0.244 

4 

0.284 

0.284 

0.312 

0.256 

5 

0.352 

0.286 

0.381 

0,258 

6 

0.439 

0.288 

0-467 

0,259* 


TABLE D 

AERIAL CABLE-SHEATH IMPEDANCES IN OHMS 

PER 1000 FEET (SEE NOTE) 

I APPROX. NUMBER OF. PAIRS IN CABLE 

CABLE 



! GAL 

jge 

DIAMETER 

R 

X 

19 

22 

24 

26 

IN INCHES 



450 

300 

200 

150 

100 

50 

26 

800 

600 

450 

400 

300 

200 

100 

50 

1200 

900 

600 

400 

300 

150 

75 

600 

4Q0 

200 

100 

2,6 

2.2 

1.9 

1.75 

1.55 

1.30 

1.0 

0.75 

0000000 b 

i&Spsli 

poop op op 


TABLE E 

IMPEDANCE-TO-GROUND OF TELEPHONE 
LINE TERMINATIONS IN OHMS 


UNDERGROUND CABLE (O.6 + JO.4) 


WATER PIPE GROUND 


1*0 3 OHMS 
JStANCE) • 


DRIVEN GROUND 


(OS TO 
RESI 


(25 TO ISO OHMS 
RESISTANCE) 


note:— (table d) 

IMPEDANCE OF SHEATH ONLY. FOR 2 OR 
MORE CABLES ON SAME POLE, USE THE 
CABLE RESISTANCES IN F*RAU.EL,85 PER 
CENT OF THE REACTANCE OF THE LARGER 
CABLE FOR 2 CABLES, AN D RESPECTIVELY 
81 PER CENT AND 79 PER CENT OF THE RE¬ 
ACTANCE OF THE LARGEST CABLE FOR 3 
AND A CABLES 


Figure 3 
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6.6 KILOVOLT GROUNDED WYE 




BROKEN WIRE H 

TYPE OF CONTACT 

NO BROKEN WIRE 

SUBSTATION-END IN CONTACT 

| LOAD-END IN CONTACT ' 



LOAD-END CLEAR 

LOAD-END GROUNDED 

SUBSTATION-END CLEAR 

SUBSTATION-END GROUNDED 
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T* 

CONTACT CURRENT 


209 AMPERES 


11.8 * 

MPERES 

CONTACT POTENTIAL 


2980 VOLTS 


215 VOLTS 

FUSE CURRENT 


106 AMPERES 


7.6 AMPERES 

POTENTIAL FUSE MUST OPEN 


3350 VOLTS 


215 VOLTS 

POTENTIAL OF SUB. WIRE 


318 VOLTS 


35 VOLTS 


6.6 KILOVOLT ISOLATED DELTA 



CONTACT CURRENT 
CONTACT POTENTIAL 
FUSE CURRENT 
POTENTIAL FUSE MUST OPEN 
POTENTIAL OF SUB. WIRE 


Telephone Circuit 

To subscriber 

One-half mile of 0.109 steel 
Subscribers ground—three ohms 
To central office 
One-half mile of 0.109 steel 
One mile of one-inch cable 
One mile of two-inch cable 
One mile of U. G. cable 


Figure 4 


Substation—3,000 kva 
0.20 mile of 4/0 three-conductor 
cable 

1.30 miles of 2/0 open wire 
0.80 mile of number 2 open wire 
0.90 mile of number 6 open wire 


Distribution Circuit 
Substation 


Contact in center of number 6 wire 
section 


has two 1,500-kva 

feeders 

15 miles of circuit on each feeder 
Load beyond contact—150 kva 
Auxiliary fault of 0 ohm on delta 
system 


357 AMPERES 
5090 VOLTS 
180 AMPERES 
5800 VOLTS 
540 VOLTS 


14.9 AMPERES 
271 VOLTS 
9.6 AMPERES 
271 VOLTS 
29 VOLTS 


16.4 AMPERES 
298 VOLTS 
10.6 AMPERES 
298 VOLTS 
32 VOLTS 


the point of contact and the underground cable plus the 
impedance to ground of the underground cable sheath. 
Any other grounds which may be connected to the aerial 
cable sheath should be included as paralleling impedances 
in determining the impedance to ground of the aerial cable 
sheath. Means for reducing the impedance to ground of 
the cable sheath are discussed later in this paper. 

There is also a possibility that the suspension strand 
and the cable may bum off at the point of contact or at 
some other location depending upon the magnitude of the 
current and the duration of the contact. Where the sever¬ 
ing of the cable results in thfe elimination of the low-im¬ 
pedance path to ground toward the central office, the 
relatively higher impedance between the contact and the 
subscriber! may materially raise the voltage on the tele¬ 
phone, plant. 

When a contact occurs with telephone open wire, the 
impedance of the telephone plant is determined by the two 
parallel' paths; one toward the central office, including the 
open wire to the aerial cable junction, and the aerial and 
underground cable sheaths; the other from the point of 
contact to the subscriber station, including the open wire, 
the drop wire, and the protector ground. If the telephone 
open wire parts, the impedance will be determined by one 
of these paths alone, depending upon which end of the 
telephone wire remains in contact with the power wire. 


In view of its high resistance, iron telephone wire fre¬ 
quently may be the controlling impedance in the fault 
circuit, and the voltage on the telephone plant at the point 
of contact will approach the full voltage to ground of the 
power circuit. Joint use with such wire therefore presents 
a more difficult problem than where other types of tele¬ 
phone plant are involved. 

Type of Contact 

A contact may involve any one of five different physical 
situations, depending upon whether or not the power wire 
parts and, if it parts, which end remains in contact with the 
telephone plant, and whether or not the other end be¬ 
comes grounded. Examples of these five situations are 
shown diagrammatically on figure 4 for a wye and a delta 
system. 

It will be noticed that single faults are assumed on wye 
circuits, and double faults, one of which is located at the 
substation bus, are assumed on delta circuits. A double 
fault is chosen on delta circuits for two reasons: (1) a 
single fault ordinarily produces no appreciable voltage or 
oirrent on the telephone plant and can exist without mak¬ 
ing the power circuit inoperative; (2) routine contact re¬ 
ports analyzed by the committee show that with delta 
circuits an appreciable number of double faults involving 
the telephone plant have occurred. A single-phase fault on 
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a delta circuit sometimes is the forerunner of a double 
fault, because a ground on one phase raises the voltage to 
ground of the other two phases and this may cause a break¬ 
down to ground. 

From the currents and the voltages resulting from these 
contacts as shown on this diagram, it is evident that the 
fault current and voltages at a contact are greatest where 
the power wire remains continuous from the contact to 
the supply point. Hereafter in this paper when a contact 
is referred to, the most severe type of contact is assumed, 
although it is recognized that such conditions do not always 
obtain. 

Computation of Voltage in Telephone Plant 

To estimate the voltages and currents in the telephone 
plant resulting from a contact, it is necessary to have im¬ 
pedance data on the various elements involved in the fault 
circuit. These data are given on figure 3, which also in¬ 
cludes formulas and curves to facilitate the computations. 
These formulas are for steady-state conditions and do not 
include transient conditions. 

In the grounded-neutral systems generally the maxi¬ 
mum voltage that can be impressed on the telephone plant 
is the phase-to-neutral voltage of the system, i.e., for a 
three-phase system the line voltage divided by the square 
root of three. 

In a delta system, as stated above, a single fault im¬ 
presses a relatively small voltage on the telephone plant. 
On the other hand, a double fault can impress practically 
full phase-to-phase voltage. However, the use of a suit¬ 
able grounding bank will, in general, limit the maximum 
voltage impressed on the telephone plant to the line voltage 
divided by the square root of three. The use of a ground¬ 
ing bank means that a substantial voltage, up to a maxi¬ 
mum equal to the phase-to-neutral voltage will be im¬ 
pressed for every contact, whereas without it a substantial 
voltage is impressed only when a double fault occurs. 

Duration of Contact 

While the duration of some contacts is short as a result 
of the nature of the contact (such as “side swiping” and 
other types of momentary contacts), in general, the dura¬ 
tion is determined by the magnitude of the fault current 
and the type and setting of the interrupting devices in 
the power circuit. Either fuses or circuit breakers are 
used to de-energize the power circuits, depending on the 
service requirements and the general system arrangement. 
Frequently fuses are used to isolate faulty branches with¬ 
out causing an interruption to the entire circuit. From 
the safety standpoint it is immaterial how the fault is de¬ 
energized as long as this is accomplished promptly. 

Power-Circuit Interrupting Devices 

Phase or overcurrent relays or fuses must be set suffi¬ 
ciently high to avoid tripping the circuit under maximum 
load conditions. If the capacity of the circuit is relatively 
large, this setting may be higher than the fault currents 
which would result from a fault involving contact with 


telephone plant at certain locations. On the other hand, 
the current setting of ground relays can generally be 
lower than for phase relays, which makes it possible to 
de-energize a circuit for faults which would not be cleared 
if phase relays alone were used. Generally ground relay¬ 
ing has not been applied to an isolated delta system except 
by the addition of a grounding transformer. Under cer¬ 
tain conditions phase relays can be so arranged and set as 
to provide positive de-energization. 

The current value to which the ground relays can be 
set without false operation depends, among other things, 
upon the load and upon the type of circuit used, and upon 
the ratings of transformer and branch fuses where definite 
selectivity between the fuses and the relays is planned. 

Ground detectors are used to some extent in connection 
with the operation of delta distribution circuits. These 
devices, which indicate a single fault on a delta system, 
will reduce the probability of double faults. However, 
in general, the same reliance cannot be placed in them as 
in automatic devices that are associated with a particular 
circuit. 

When a power circuit becomes de-energized by a circuit 
breaker it is common practice to reelose the circuit one or 
more times, since tripping out may be due to a fault which 
clears when the circuit is de-energized. Where the fault 
involves telephone plant, the number of reclosures may 
adversely affect the situation. Holding the number of re¬ 
closures to a reasonable minimum will tend to limit the 
damage to the telephone plant. 

Subscriber’s Premises 

On a subscriber’s premises, the possibility of fire or elec¬ 
tric shock due to a breaking down of the insulation on the 
telephone- wiring can ordinarily exist only following the 
introduction of an excessive voltage, from whatever cause, 
imposed directly on the telephone plant. Practically all 
cases of fires or personal injury which have occurred were 
due to potentials causing failure of telephone plant in¬ 
sulation or the holdover of telephone fuses along with the 
power voltage remaining on the telephone circuit for some 
time. 

In some cases, excessive voltage due to accidental con¬ 
tacts caused arcing, such as holdover of fuses, but the short 
duration of the fault did not permit the arcing to spread 
to other objects and start a fire. Where injury to persons 
has occurred it has resulted mostly from the fact that when 
arcing or some other disturbance attracted attention, the 
person attempted to use the telephone, cut wires, or ex¬ 
tinguish fires while the telephone circuit was still energized. 
There are no records of such injuries having occurred where 
the duration of the fault was short. 

Other things being equal, breakdown of insulation on 
telephone wiring and fuse holdovers at the subscribers’ 
premises are more likely to occur in the event of accidental 
contacts with the higher voltage power distribution circuits 
than with the lower voltage distribution circuits. How¬ 
ever, as pointed out in later paragraphs, means have been 
developed sueh as to avoid such occurrences in connection 
with higher voltage joint use. 


March 1938, Vol. 57 Coleman, Schirmer—Joint Use Transactions 137 



This objective is obtained by: (1) limiting the duration 
of foreign voltage, (2) co-ordinating the duty imposed on 
the fuse and its capacity, (3) co-ordinating the voltage 
which may be impressed and the drop wire insulation, and 
(4) minimizing the potential to ground and also the differ¬ 
ences of potential on the premises. 

Central Offices 

Telephone central offices are generally located in areas 
where extensive Underground metallic structures of low 
impedance are available and these are used for the grounds. 
It is Bell System practice to bond underground cable 
sheaths to the central office ground, thus further assuring 
a low impedance. 

When a contact occurs between a power circuit and 
telephone plant, the protector blocks at the central office 
will limit the potential difference within the office to the 
breakdown voltage of the protector block. This is true 
regardless of the voltage of the power circuit involved in 
the contact or the impedance of the central office ground. 
The resulting current to ground depends upon the voltage 
and impedance of the power circuit, and the impedance 
of the telephone plant from the contact to ground. The 
potential, to which the central office ground can be raised, 
depends upon its resistance and the portion of the fault 
current that passes through it. If the ground potential in 
the office, that is, the potential of the ground bus with re¬ 
spect to remote ground, should exceed approximately 300 
volts, many of the protector blocks connected to subscriber 
lines not otherwise involved in the fault will break down. 

Where extensive underground structures are used as the 
central office grounds, the probability of raising the poten¬ 
tial of a central office to 300 volts is remote, and this is 
particularly tme where underground cable is also present. 
Also, where telephone cable is involved, dielectric break¬ 
down from sheath to conductors and between conductors 
will provide paths to other grounds as well as to the central 
office and these will further limit the voltage that may de¬ 
velop. However, where such low impedance grounds are 
not available, the situation from the safety standpoint at 
the central office becomes very similar to that encountered 
at a subscriber’s premises, and the factors previously dis¬ 
cussed in connection with such premises should be taken 
into account. 


can be said that the hazard to linemen existing under 
normal power circuit operating conditions is slight. 

Unless the broken power wire is so located that it is 
difficult to see, the probability of a telephone outside plant 
employee making contact with it is small. These employ¬ 
ees have definite instructions not to handle or approach a 
broken power conductor unless it is absolutely necessary, 
and then only with the proper equipment (rubber gloves, 
etc.). However, if one should make contact with such a 
wire, the probability of being seriously injured is great, 
but this is true for any primary power circuit voltage. 

When a contact occurs between a power conductor and 
telephone plant, there is generally some visible evidence 
of this condition at the central office which gives a warning 
that the line has been energized and it is the usual practice 
to caution any lineman detailed to investigate such trouble 
to be on the lookout for energized wires. If, however, he 
actually comes mto contact with such an energized tele¬ 
phone wire and also with some grounded object or another 
wire, the effect would be serious for either the lower or 
the higher primary voltages. The degree of safety here is 
more directly influenced by the duration of the excessive 
voltage on the telephone plant than by the magnitude of 
the voltage. 

Current leakage along poles may result either from an 
insulator failure or from a loose wire resting on the cross- 
arm or pole. A potential is then impressed upon the pole, 
the magnitude and gradient of which depend upon many 
factors, such as the contact resistance, moisture content 
of the pole, the resistance of the crossarm wood compared 
with the resistance of the pole wood, and the presence of 
various attachments on the pole, such as a grounded tele¬ 
phone cable, lamp bracket, ground wire, etc. 

Where there is a grounded cable on the pole the potential 
to ground around the telephone space is generally quite 
small; of the order of 50 volts or less. Where there are no. 
grounded cables, the potential-to-ground from the pole 
surface in the telephone space may be materially greater, 
ranging up to several hundred volts. 

Tests on pole leakage were conducted by the committee 

on two poles under dry and wet conditions. It is recognized 

that test results based on measurements on two poles are 
not conclusive. They, however, provide sufficient qualita¬ 
tive information to indicate that: 


Safety to Telephone Employees 

Considering employees working on telephone circuits on 
joint poles carrying higher voltage distribution circuits 
attention must be given to four types of situations: (1) 
contact with power conductors or equipment in normal 
operating condition, (2) contact with a broken power con¬ 
ductor, (3) contact with telephone wires energized at some 
other location by a broken power conductor, and (4) en- 
ergized poles. 

With adequate clearances between power and telephone 
attachments, the probability of a properly trained tele- 

SnT° rI T an mating contact with a power conductor 
emote. Assuming approved construction, therefore, it 
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• 7 —-- potential gradient on the pole 

surface increases with the increase of voltage. However, with the 
higher voltages, there is a marked tendency for the top of the pole to 
smoke or burn with the result that the fault is more likely to be de¬ 
tected and remedied. 

< 6 ). The presence of a grounded telephone cable materially reduces 
the voltage to ground on all parts of the pole below the location of 
tne cable. 

(c). The likelihood that the voltage to ground at points on the pole 
would reach substantial magnitudes under the condition mentioned 
m W without some visible indication either by smoke or flame at the 
top of the pole seems small, since currents of the order of one-quarter 
ampere give visible effects in the nature of smoke or flame. 

It would seem from this that the use of higher 
distribution voltages under the conditions that have been 
discussed does not introduce any elements which would 
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make the hazard to linemen materially different from 
that which exists at the lower voltages. 

Damage to Telephone Plant 

The costs of repairs to telephone plant as a result of 
contacts vary over a wide range, depending upon condi¬ 
tions such as type of plant, duration of contact, magnitude 
of current, etc. Since duration of contact has such an im¬ 
portant bearing on the extent of damage done, it appears 
reasonable to expect that higher voltage joint use with 
provision for prompt de-energizing of the circuit will not 
increase and may even decrease the total cost of telephone 
plant damage as compared to the total cost of such damage 
with lower voltage circuits, where such prompt disconnec¬ 
tion is not generally obtained. 

Protective Measures 

It is evident, in view of the foregoing paragraphs, that 
joint use with the higher-voltage distribution circuits en¬ 
tails consideration of a number of factors which are not 
involved in joint use with the ordinary distribution volt¬ 
ages. However, co-ordinated measures have now been de¬ 
veloped such that the degree of safety which can be at¬ 
tained in many situations involving joint use with the 
Higher distribution voltages is comparable to that involved 
in joint use with the ordinary distribution voltages. The 
protective measures which have been developed in this 
connection are discussed in the following paragraphs. 

It is not intended, to imply that all of the protective 
measures should be employed in every situation, where 
Higher voltage joint use is contemplated, since the solu¬ 
tion in any specific situation will depend upon many local 
factors. Spine of the suggestions given below may already 
He incorporated in the existing plants for operating reasons. 
The methods cover only those which have been carefully 
considered and applied in one or more situations. There 
are no doubt other means which can be employed in cer¬ 
tain situations. Studies are of course being continued, 
looking forward to improvements and developments in 
the protective measures of both systems. 

The methods and apparatus used for limiting the magni¬ 
tude and duration of the fault current and voltage should 
t>e of a high degree of reliability, whether applied to the 
power or the telephone plant. They should also be of such 
a. nature as not materially to affect the service of either 
utility. Where such current, voltage, and duration limita¬ 
tions are obtained as a result of the inherent nature of the 
circuits, or are due to devices installed for operating 
reasons, the degree of reliability obtained is generally 
greater than where such devices or methods are used pri¬ 
marily for co-ordination purposes. Also, the reliability 
of protective devices is greater for those giving positive 
indication when they become inoperative. 

X>rop Wire and Fuses 

The use of telephone drop wire with heavier insulation 
£tnd telephone fuses capable of operating properly under 
toigher voltages and currents would provide increased pro¬ 


tection. This added protection would, of course, have to 
be applied at all exposed subscribers’ stations and would 
not reduce the voltages on the telephone plant or reduce 
the duration of contacts. Satisfactory drop wire with 
heavier insulation or fuses with a higher interrupting 
capacity are not economically available for general use at 
the present time. The use of these measures is not further 
considered in this paper for a general solution, as other 
measures appear more promising, although they may offer 
a solution for isolated cases. 

Reducing Impedances of Cables 

Aerial telephone cable sheaths are generally effectively 
grounded by bonding to the underground cable sheath. 
Where the aerial and underground cables are not bonded 
together, a substantial bond at their junction will give the 
aerial cable the benefit of the low impedance of the under¬ 
ground cable sheath. For long, small-size aerial cables, 
the telephone plant impedance to ground may become 
relatively large. In situations of this kind, it is generally 
practicable to reduce the cable sheath impedance by plac¬ 
ing auxiliary grounds on the aerial cable sheath. 

Common Ground for Power and Telephone 

The interconnection of power and telephone grounds on 
subscribers’ premises limits differences of potential be¬ 
tween the power and telephone wiring. In addition, it 
will in general provide a lower resistance ground for protec¬ 
tion than can be practicably obtained otherwise. This 
lower resistance ground will, of course, tend to limit the 
potential on the telephone plant and to ensure sufficient 
current to operate protective devices in cases of contact. 
Such common grounding, of course, has been usual in 
areas where extensive piping systems have been available 
and both have been connected to them. 

A common ground will under some conditions result in 
some increase in telephone circuit noise where low im¬ 
pedance grounded ringers are used. Where, on specific 
lines, noise is introduced it may be necessary to apply 
remedial measures. 

Gaps on Open Wire 

The use of protective gaps, haying a breakdown voltage 
of about 3 kv on open-wire telephone lines provides a 
means for limiting the voltage impressed on the drop wire 
and across the station fuse, and also ensures a path to 
ground for fault current to operate the power system pro¬ 
tective devices. These gaps to be effective require rela¬ 
tively low resistance grounds, which under certain condi¬ 
tions may be obtained in connection with the use of well 
grounded power circuit neutral grid. 

Bare Power Wires 

The use of bare, as compared with covered power con¬ 
ductors, where joint use with telephone open wire is in¬ 
volved, lessens the probability of the telephone wire part¬ 
ing in case of contacts due to the tendency of the wires to 
weld. The parting of the telephone wire would cause an 
increase in impedance in the telephone plant. It is desir¬ 
able to maintain the low impedance to ground of the tele- 
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phone plant for reclosures of the power circuit as well as 
for the initial contact 

Grounding Banks on 6.9-Kv Delta System 

The use of a suitable grounding bank on a 6.9-kv delta 
system inherently limits the magnitude of fault currents 
and also limits to 4 kv the maximum voltage to which the 
telephone plant can ordinarily be subjected. The use of 
ground relays or low capacity fuses will ensure prompt 
de-energization of the circuit in case of contact with the 
telephone plant. 

13.2-Kv Grounded-Neutral System 

In a 13.2-kv grounded-neutral system the phase-to- 
ground voltage is 7.6 kv. For relatively low-capacity 
substations there is appreciable impedance inherent in the 
power system to limit the magnitude of fault current and 
to aid in obtaini n g a favorable impedance condition for 
cases of contact. For a large capacity station, feeder re¬ 
actors or an impedance in the neutral will aid in obtaining 
favorable impedance conditions. Ground relays of a 
relatively low setting can be applied. For situations where 
the fault current may be relatively large the duration of 
fault can frequently be shortened by the addition of an 
instantaneous ground relay set to operate on a current 
several times larger than the setting of the inverse time 
ground relay. 

Grounding Banks on 13.2-Kv Delta System 

The use of a grounding bank makes it possible to apply 
ground relays to such a system which will ensure prompt 


de-energizing in case of a contact with the telephone plant. 
The voltages to ground of such a system are in general 
the same as the voltages to ground of a 13.2-kv grounded- 
neutral system. However, the magnitude of the fault 
current will generally be less due to the impedance of the 
grounding bank. 

Summary / 

To su mm arize, for situations where joint use with higher 
voltage distribution circuits is the best engineering solu¬ 
tion, safety conditions comparable to those existing at the 
lower voltages can, in general, be obtained by co-ordinating 
the protection of the two systems. Various combinations 
of the protective measures suggested in this paper, de¬ 
pending on the characteristics of the power and telephone 
plant involved, have been successfully applied to actual 
field cases. 
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Synopsis: Application of a recently developed method whereby it 
is possible virtually to see the voids in the layer structure of high 
voltage cable insulation shows most such insulation to be mechani¬ 
cally irregular. Lack of mechanical uniformity in the cable as 
manufactured is responsible for much of the ionization after the 
load cycle, and probably to a great extent for ionization break¬ 
down. Application of the method and of supplementary methods 
should lead to better load cycle stability, improved installation 
practice, and ultimately to reduced insulation th icknes ses. 

Introduction 

T HE SEARCH for ways of improving solid-type, high- 
voltage underground cable, so as to raise its reli¬ 
ability in operation to the same high level as that of 
other major links in power systems, has gone on intensively 
for the last 10 or 15 years in this country and in Europe. 
The characteristics of the materials of which they are 
made, particularly paper, oil, and lead; their design; the 
thoroughness of drying, degassing, and impregnating of 
the insulation; the deterioration in service through 
ionization and oxidation; the electrical characteristics 
before and after the load-cycle: all these have been the 
subject of intense research. In consequence, progress 
has been made in raising quality of solid cables, as is in¬ 
dicated by the ETL index 1 and by reduction in failure rate. 2 

Indeed, this progress has been great enough to raise the 
question in some quarters as to whether solid-type cable 
had not reached the practical limit of its development, 
and that therefore from now on only minor improvements 
might be expected. There are a number of observations 
which throw very serious doubt on such a point of view. 
One of these is the great difference in insulation thickness 
used respectively with solid-type cable and oil-filled or 
pressure-type cable. Solid cable has twice, and some¬ 
times more than twice, the wall thickness of the pressure 
type for the same voltage. Is this marked difference due 
solely to effects of differential expansion of the oil in the 
solid-type cable during operation, as is usually repre¬ 
sented? Or is it possible that, in this long-continued re¬ 
search, some important factor has been overlooked? 

On looking back over the cable researches and the 
literature of dielectrics for the past 10 or 15 years, one 
finds that little or no information has been published con¬ 
cerning the compactness and uniformity of the layer 
structure of cable insulation. A great deal has been writ¬ 
ten about electrical uniformity, both longitudinally and 
radially, but nothing about mechanical uniformity. Yet 
it is the common everyday experience of those who dis- 

Faper number 37-139, recommended by the AIEE committees on power trans¬ 
mission and distribution and research, and presented at the AIBE winter con¬ 
vention, New York, N. Y., January 24-28, 1938, Manuscript submitted Oc¬ 
tober 30, 1937; made available for preprinting January 6, 1938. 

D. L. Smart and J. M. Rbynar are affiliated with The Detroit Edison Company, 
Detroit, Mich., andX. S. Wyatt recently resigned after many years* association 
with that company, to join a manufacturing organization in England. 

1. For all numbered references, see list at end of paper. 


sect cable which has failed in service to find that the in¬ 
sulation of some cables is much looser than that of others, 
that wrinkles are often present, and that in three-con¬ 
ductor cable heavy wax deposits occur sometimes on only 
one shoulder of the insulation of one conductor. Poor 
mechanical assembly of a similar nature is noticed in dis¬ 
secting cables in the laboratory after load-cycle aging. 
Earlier studies in which dyed oil was forced through short 
lengths of cable showed that there were preferential 
channels in the insulation wall itself. 8 Experimental 
work with cables in which voids were kept from forming 
by the application of fluid pressure has revealed the 
presence in the insulation of tight and loose annular 
zones. There is thus a great deal of field and laboratory 
observation which indicates cable insulation to be fre¬ 
quently nonuniform in its layer structure. 

How general are mechanical irregularities in cable in¬ 
sulation, and what is their significance in terms of opera¬ 
tion and life? Is mechanical nonunifonnity a factor of 
importance in solid-type cable which heretofore has been 
overlooked? To answer these questions an investigation 
was undertaken. As a first step, quantitative methods of 
measuring irregularities in the insulation wall were de¬ 
veloped. One of these is a particularly powerful tool 
because it makes possible the quantitative visual exami¬ 
nation of the cable structure at any selected point. When • 
these methods were applied, a great many defects of de¬ 
sign and of mechanical assembly in practically all modern 
cable became apparent. Further study showed these 
irregularities to be related quite closely to electrical 
characteristics. Much effort was expended in interpret¬ 
ing mechanical nonunifonnity in terms of memufactaring 
technique. It is the purpose of this paper to present 
these new test methods and the results of their application 
to a large number of new and used cables. 

Methods 

In the attempt to find some quantitative way of evalu¬ 
ating the mechanical characteristics of cable instiln+ipti^ 
early efforts were centered on the development of simple 
mechanical tests on the cross section for measuring average 
compactness and for detecting tight and loose annular 
zones in the laminated dielectric. At tins stage the 
difficulties involved in obtaining reliable measurements 
on spongy oil and paper insulation seemed insuperable. 
Later, microscopic studies gave a clue which, when fol¬ 
lowed up, led to a new technique which makes it possible 
to prepare thin translucent cross sections of wafers. 
These show the internal structure of a cable at a gl^nr? 
The insight into cable design and construction afforded 
by the wafer method was so great that it was decided to 
spend most of the available time on its perfection. As a 
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Figure 1. Oil extraction and 
styrene impregnation apparatus for 
preparing translucent cable cross 
sections; apparatus disassembled 


Figure 2 (below). Oil extraction 
and styrene impregnation appa¬ 
ratus for preparing translucent cable 
cross sections; general view 


consequence the mechanical test methods referred to 
above were not carried to the same degree of refinement; 
nevertheless, each of the tests to be described is capable 
of yielding reliable and useful information. 

Penetrometer Method 

A simple method of determining general compactness 
is to drop a weighted needle into the cable cross section 
at chosen points, measuring the depth of penetration. 
For this purpose the special sharp-pointed five-degree 
needle of a chemical penetrometer is adjusted so as just 
to touch the insulation, and then, released by means of a 
mechanical trip, a 150-gram weight is dropped through 
about one centimeter, driving the needle into the insula- 
tion. Although the method is useful in making rough 
comparisons of the compactness of different insulations, 
it is most valuable for evaluating the density of the 
filler spaces, this being an important factor in compound 
miration in cable laid on slopes and in the behavior of 
cable during load-cycle aging and use. 

It is important, in this and the two succeeding mechani¬ 
cal tests, to prepare the sample carefully. In cutting- the 
-mple, the length of which has been stLdardized aftwo 
and one-half inches, a sharp bandsaw is used so as 
not to disturb the layer structure. Since in some cables 

tos ” hti0 ”' “ “““ destable to 

“ w “tto«to just sever tie lead 
ot the bmder tape. Exposure of the cable end to 
“ f “ more Umn 30 mtates resalts » swel n, g 0 , aftt 
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required to twist it through a small angle is much greater 
for compact than for loose insulation. Since the twisting 
forces are small, a torsion wire dynamometer was employed 
in the construction of the apparatus. The latter consists 
of a torsion head (from a Cenco de Nouy tensiometer) 
connected by a number 24 AWG piano wire or drill rod 
to a pin-vise coupling carrying the probe, and a fixed 
scale from which the angle of rotation of the coupling may 
be read. The probe, made from the end of a jeweler’s 
hacksaw blade, has an active length of one-half inch and 
is 9 by 15 mils in cross section, one end being ground to a 
diamond shape. In use, the pointed end of the probe is 
inserted in the insulation to a depth of one-half inch and 
the force required to twist it through a 30-degree angle is 
determined from the torsion head scale reading. If 
readings are made at intervals across the insulation wall 
corresponding to about five layers thickness (the dis¬ 
tance being measured with a finely graduated scale from 
a marked conductor strand), a radial curve from conductor 
to sheath for insulation compactness is obtained. The 
method is sufficiently sensitive to detect minor variations 
in tightness of layer structure, and hence is extremely 
valuable in studying the mechanical structure of cables, 
particularly after the general structure has been inspected 
by the wafer method to be described below; it yields im¬ 
portant information which the wafer method does not 
give. 

The Wafer Method 

An effective way to detect mechanical irregularities 
in cable insulation is to prepare cross-sectional cable 
wafers sufficiently thin to be translucent. Until recently 
there has been no way of accomplishing this because long 
before the wafer could be made sufficiently thin the in¬ 
sulation would fall apart. Even had it been possible to 
prepare thin wafers by ordinary methods the layer struc¬ 
ture would have been so distorted that interpretation of 
the irregularities would have been meaningless. 


A satisfactory solution has been developed. A short 
length of cable is first “petrified” so as to hold the layer 
structure in place; and ordinary mechanical methods are 
then used to cut out cross sections 5 to 50 mils in thickness. 

‘Petrification” is accomplished by the use of a synthetic 
resin, styrene, which has recently become co mm erci ally 
available in liquid form. 4 Styrene has three characteris¬ 
tics which fit it for the preparation of cable wafers: it is 
highly soluble in ordinary insulating oils so that it can be 
used to extract and replace the oil in cable insulation; it 
changes on heating from a liquid to a clear water-white 
solid without the evolution of gas, moisture or other prod¬ 
ucts, thus making it possible to “freeze” the layer struc¬ 
ture in place; and it has no harmful effect on cable paper 
so that it does not distort the cable structure. 

Study of wafers from a wide variety of cables shows that 
the method makes clearly visible tight and loose zones in 
the insulation, voids in which ionization may occur, 
wrinkling, poor cabling in three-conductor cables, errors 
in design, and many other important characteristics. 
Wafers may be used to reveal the effects on the insulation 
structure produced by service aging, load cycling, and bend- 
ing. From a study of the wafer it is possible to reason 
back to the manufacturing processes and machinery used 
in the construction of the cable. 

Preparation of Sample. A three-inch length is cut 
with a sharp bandsaw, care being taken not to disturb 
the layer structure. As before, the open ends must be 
protected against moisture from the air to prevent swell¬ 
ing which would increase the time of extraction and pos¬ 
sibly distort the insulation structure. This is most 
easily accomplished by submerging the sample in liquid 
styrene immediately after cutting. 

Extraction . Extraction is carried out in a modified 
Soxhlet extractor consisting of a 12-quart boiler in which 
styrene, vaporized in the bottom, condenses at the top 
and drips onto the cable samples which are supported on a 
tray. The latter is provided with a syphon which peri- 


Figure 3. Preparation of a 
cable wafer by steps 

1— Sample cut from cable and ready 
for extraction 

2— Sample after polymerization 

3— Sample with one face machined 
in lathe 

4— One-sixteenth inch thick cross 
section with machined face cut 
from sample with band saw 

5— Lucite disk to which machined 
face of one-sixteenth inch cross sec¬ 
tion is cemented 

6— Finished cross-sectional wafer 
after other face has been machined 
and wafer reduced to proper thick¬ 
ness 

7— Longitudinal wafer in preparation 
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3-CONDUCTOR 24 KV. H- TYPE CABLE. 
LINEAR MAGNIFICAT (ON NEARLY 2 1/2 TIMES. 


Figure 4 . Wafer showing typically nonuniform insulation of three-conductor, 24-lcv cable 


odically returns the styrene and extracted oil to the bot¬ 
tom of the vessel (figures 1 and 2).* 

The extraction must be carried out at a pressure of 
about one inch of mercury, since styrene polymerizes 
below its atmospheric boiling temperature (146 degrees 
centigrade). Vacuum is obtained by connecting the 
system to a water aspirator, a trap and a manometer 
being included in the line. In order to insure complete 
condensation of styrene vapors, a glass condenser is in¬ 
serted in the vacuum line immediately above the boiler, 
the cooling water circulating first through the glass con¬ 
denser outside the boiler and then through the metal 
condenser inside. The hole in the center of the radiator 
core should be blocked off by soldering in a circular piece 
of sheet metal so as to reduce styrene evaporation losses. 

The sample tray is made by cutting down to a depth of 
four indies, a tin or aluminum kettle whose diameter is 
one-half inch less than the inside diameter of the boiler. 
An inverted U-shaped five-sixteenths-inch copper syphon 
tube is soldered into a hole near the top of the side wall of 
the tray with oneleg extending to within one-eighth inch of 
the bottom of the tray on the inside, and the other leg ex- 

^Boilar may be obtained from National Pressure Cooker Co., Eau Claire, Wis. 
Metal condenserjs a circular Harrison automobile heater core about 8Vi» in 
diameter by 2' deep, core no. 3107381. 


tending to one-half inch below the bottom of the tray on 
the outside. The tripod which supports the tray above 
the styrene has a height of three and one-half inches. In 
order to determine during operation when the tray is full 
of styrene, and whether lie syphon is working, it is 
necessary to install a float. This may consist simply of a 
cork impaled on a rigid wire which extends into the middle 
of the glass condenser tube. The boiler is heated in a 
glycerine or oil bath so that overheating, and consequent 
slow polymerization of the styrene, does not occur. 

In operation, styrene is poured into the bottom of the 
kettle in an amount 50 to 100 per cent in excess of that 
required to fill the tray when filled with cable samples 
(about 1,500 cubic centimeters total); to this about one 
per cent by weight of powdered sulphur is added to reduce 
polymerization of the styrene. The cable samples are 
placed in the tray, a coarse wire grid being first laid on 
the bottom to make extraction more easy. Dead spaces 
in the tray may be filled with glass rods to reduce the 
amount of liquid. Vacuum is applied until the internal 
pressure is about one inch of mercury and heating of the 
kettle is delayed for a few minutes in order to prevent 
foaming. After 8 hours, the samples should be reversed 
end for end, and the oil and styrene solution in the bottom 
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of the kettle should be replaced by fresh styrene. Oil- qualities of each shipment should be tested by placing 
extraction and styrene impregnation -will be complete in ten cubic centimeters in a closed test tube for 16 horns 
48 to 72 hours depending on the nature of the samples, at 120 degrees centigrade, when it should have become 
The boiler is then opened up at a time when the tray is solid. If pure, the refractive index should be between 
nearly full of styrene so as to prevent contact of air with 1.6437 and 1.5440. The sytrene should be freed from 
the samples. The tray is lifted out and the samples moisture by passing it through a column of anhy drous 
transferred to the polymerizing vessels. sodium sulphate. Styrene may be recovered from the 

The syphon operates in cycles of about 10 to 15 minutes' styrene-oil mixt ure by vacuum distillation so that it may 
duration when the temperature of the outside bath is be used over again. However, care should be taken not 
130 degrees centigrade, that of the styrene and oil in the to let air contact the styrene more than necessary; other- 
bottom of the boiler about 65 degrees centigrade and that wise oxidation products may be formed which will interfere 
of the liquid in the tray about 55 degrees centigrade, with polymerization. 

The extraction temperature of 55 degrees centigrade may Polymerization. Each cable sample is transferred from 
not be sufficient to remove all the rosin from cables con- the extraction tray to a tin can of suitable size. It is 
taining large amounts. This difficulty may be overcome elevated above the bottom by means of three small pieces 
by raising the pressure and thus increasing the extraction of lead cable sheath or other non-absorbent material and 
temperature. Cycling may be interrupted by boiling of carefully centered by inserting three U-shaped strips of 
the styrene in the tray if the boiler is submerged more lead between the sample and the walls of the can. Styrene 
than one and one-half to two inches in the oil bath, is then added until the cable sample is covered and the can 
It is important to use 100 per cent pure styrene free is nearly but not quite full. The styrene is then boiled 
from inhibitor other than the added sulphur. The setting for 15 minutes by placing the can in an oil bath at about 



Figure 5. Wafer showing typically uniform insulation of three-conductor, 24-kv cable 
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Fi S ure 6. Wafer of 132-lcv oil-filled cable of European 
manufacture 

Figure 7. Radial densitometer curve taken across upper 
shoulder of right-hand core of insulation shown in figure 4 


loo degrees centigrade. Immediately after removing 
the can from the bath it is made vacuum-tight by means 
of a lid pressed on with a standard can sealer. The 
styrene is then polymerized by immersing the can for 48 
t Vi “ . a well-stirred glycerine or oil bath main- 
amed at 120 degrees centigrade. After polvmerization 
the can and its contents must be cooled slowly over a 
period of several hours, preferably by cooling the oil 

^ COOhng is com P lete the can is removed 

from the bath and stripped from the hardened block of 
clear styrene containing the cable sample. 

V* C T Pletdy P^ymerized, it will 

aSTa W ! U ^ Ce WlUtakeona whitish appearance 
alter a few weeks exposure. If cooling is too ranid 

J“ 1 d L Cracks w 111 a PP ear at the surface. Continuing tte 
poymenzation for longer than 72 hours will not impair 
1 mechanical properties. The temperature T Z 
poymenzation may be reduced but the time required 
d0UbIed for ea <* degrees centre 

st^en^L PreP Z ati ° n - T ° Prepare a wafer, the 
bSaw To ol m ** ***"* a ^-cutting 
canSe pw ^ ^ U is neces «ary to use I 
by turning- the * deep is made round 

cut is made i S^? Vera i??? nS - Thenadee P« 
Conditions mmt i ' ^ ^ ttefinal * made. 

must be right for making satisfactory cuts 

*46 Transactions 


on the bandsaw, because the styrene gums on heating. 
A sharp saw with hardened edge, having eight to ten teeth 
to the inch and traveling 1,200 feet per minute, will make 
about eight satisfactory cuts of a three-conductor, 350,- 
000-circular-mil, 24-kv, styrenated cable. 

The face of one-half of the sample is then turned on a 
lathe. The speed may be as high as 600 rpm if the sample, 
particularly the conductors, are cooled before each cut 
with a stream of carbon dioxide from a pressure cylinder 
of the syphon type. For roughing, cuts up to 10 mils 
may be made; and for finishing, cuts of one-half mil with 
one mil a maxi mum . Stellited tools are the most satis¬ 
factory. The best tool for roughing is one that is V- 
pointed; and for finishing, one that is sharp-edged, round- 
pointed, with 35- to 40- degree top rake, 35- to 40- degree 
side rake and 6- to 10- degree clearance. 

A cut is then made with the bandsaw one-twentieth to 
one-tenth inch away from the finished face, the latter 
being pressed against a supporting face on the saw car¬ 
riage. Before making this cut it is advisable to cool the 
conductors with a blast of compressed carbon dioxide. 
The lathe-finished face is cemented to a one-fourth inch 
disk of transparent synthetic resin such as Lucite, using 
syrupy styrene (prepared by boiling styrene away from 
air for an hour or more or until it becomes viscous). To- 
set the cement it is necessary to place the wafer in an oven 
maintained at 60 to 65 degrees centigrade and to heat it 
for not less than 12 hours. A weight is placed on top of 

S'® " a * e f:. T ° prevent warping of the Lucite, it is essen¬ 
tial that it be placed on the plane face of a sheet of metal or 


The disk with the styrene wafer cemented to it is cooled 
and then placed in the lathe. The rough sawn face is 
turned down until the wafer is sufficiently translucent to 



Figure 8. Wafer of three-conductor cable of Europ" 
manufacture 
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show up all defects in its structure. It is usually neces¬ 
sary to turn down only to 30 or 40 mils thickness, although 
it is possible to produce wafers as thin as five to ten mils. 
Carbon dioxide cooling is resorted to between each cut as 
before. It should be noted that it is possible to cool the 
wafer too much with the result that the cement is cracked. 

As a final step, a coating of transparent moisture-re¬ 
sistant lacquer should be given the wafer directly after 
it is finished to prevent swelling of the paper through mois¬ 
ture absorption. A coating of syrupy styrene heated over 
night at 60 degrees centigrade serves the purpose satis¬ 
factorily. 

The various steps in making a cable wafer are shown in 
figure 3. 

Application of Cross-Sectional Wafer Method 

In analyzing wafer structure it is sufficient for most 
purposes to view the wafer against a strong light. De¬ 
tailed study is rendered easier by the use of an enlarged 
photograph made by transmitted light, using antihalation 
film. However, for the manufacturing engineer who is 
familiar with the fine details of taping machinery and 
general fabrication processes, much additional informa¬ 
tion may be gained by more quantitative methods. Pre¬ 
cise measurements of the layer structure may be made by 
transmitted light with a traveling microscope employing 
a magnification of 20 to 30 diameters. A binocular micro¬ 
scope with calibrated eyepiece is ideal. 

Analysis of Typically 
Nonuniform and Uniform Cable Wafers 

After waferizing about 100 cables it became apparent 
that the presence of mechanical imperfections was the 
mle rather than the exception and that in most cases the 



'Figure 9, Wafer of three-conductor, 24-kv cable showing 
effect ofpretwisted conductor on insulation characteristics 
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Figure 10. Wafer of 132-kv oil-filled cable showing gap 
between papers of different density 


irregularities were sufficiently prominent to be seen im¬ 
mediately on casual inspection. This was true even in 
the case of new cable of recent manufacture. A wafer of 
a typically nonuniform cable photographed by transmitted 
light is shown in figure 4. A number of irregularities are 
immediately apparent. Starting at the conductor, it is 
seen that the paper makes line contact with the outer 
strands instead of surface contact, thereby increasing the 
electrical stress. The gaps between insulation and con¬ 
ductor at the flats on either side of the conductor apices 
indicate that the conductor is not properly shaped to con¬ 
form to the natural bulge in the paper. A gap between 
the insulation and conductor is visible at the base of the 
sector of one conductor. The insulation is, in general, 
very loose, particularly at shoulders of the conductors. 
A group of five or ten tapes next each conductor is un¬ 
usually slack. Many groups or bunches of tapes, which 
are themselves fairly compact, are separated from each 
other by gaps or by a number of loose tapes, giving the 
insulation the appearance of a series of tight and loose 
annular zones. The metal shielding tapes are loose, 
failing adequately to protect the insulation. The lateral 
filler spaces are unsymmetrical. 

A wafer of a typically uniform cable is shown in figure 5. 
Although many mechanical imperfections are in evidence, 
the gross irregularities which were pointed out in con¬ 
nection with figure 4 are absent. 

Before going into the causes of the irregularities in cable 
insulation as revealed by waferizing, it should be pointed 
out that experience in making over 200 wafers shows that 
they are not the result of the sfyrenation process, but 
were actually present in the original sample. Although 
styrene in polymerizing from the liquid to the solid form 
shrinks about 13 per cent by volume, most of the change 
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occurs in the liquid stage, and even as polymerization 
nears completion in the 120 degrees centigrade bath, the 
styrene can flow longitudinally between the layers of the 
three-inch sample, filling up voids which would other¬ 
wise form. Since impregnation temperatures of 120 
degrees centigrade are reached during manufacture, there 
should be no distortion as a result of the polymerization 
temperature; and the preliminary boiling treatment at 
146 degrees centigrade is so short that its effect is believed 
negligible. No difference was observable in the wafer 
structure when the short boiling treatment was omitted 
and polymerization carried out at temperatures below 120 
degrees centigrade. Wafers from different lengths of a 
uniform cable, made several months apart, all show the 
same uniform structure; similarly, wafers from non- 
uniform cable always show characteristic nonuniformities. 
The visible irregularities in the wafer, therefore, are not 
due to the process of preparation, but are characteristics 
of the insulation. 

Certain precautions in the preparation and interpreta¬ 
tion of wafers must be emphasized. As in any other 
method of analysis, reasonable care must be exercised. 

It is possible to make a good cable appear bad by the 
wafer method if the cable from which the sample is tai™ n 
has been badly treated mechanically, if the wafer is sawn 
from the end instead of from the middle of the styrenated 
sample, or if excessive heat is generated in sawing off the 
wafer. Likewise a bad cable might appear good if the 
rosin were not completely extracted or if the wafer were 
cut too thick. It is most important to emphasize once 
again the necessity for keeping the finished wafer protected 
against moisture absorption with a film of nonabsorbent 
varnish. 

Interpretation of Wafer Structure in Terms of 
Cable Design and of Manufacturing Processes 


(figure 6) of a new foreign cable submitted for test. Ir¬ 
regular values of tension of the different tapes may result 
in tight and loose zones (as in figure 4). The sudden 
stoppage of improperly designed machinery may loosen 
some of the tapes for a short distance producing wrinkles 
or other irregularities. The effect of difference in taping 
action at adjacent taping heads, and in European cable 
the effect of reversal of direction of taping, manifests it¬ 
self in periodic variations in compactness across the insula¬ 
tion wall. The periodic effect was brought out clearly in 
the case of the wafer of figure 4 by passing a positive 
transparency of the photograph through a densitometer 
across the insulation wall at A. The resultant graph is 
shown in figure 7. 

Cabling or spiralling of the three insulated cores of 
three-conductor sector type cable may distort the in¬ 
sulation walls. In order to twist the copper conductors, 
considerable torsional forces are applied to the insulation 
wall by metal guide shoes as the three insulated conductors 
are slowly rotated and enter the closing-in die which forces 
the three cores, together with the fillers, into a compact 
construction. It is during this rotation that any slack in 
the insulation is pushed away from the leading shoulder 
toward the lagging or trailing shoulder, the compressed 
leading shoulder and the extended lagging shoulder giving 
an effect which may be likened in extreme cases to the com¬ 
pressed head and extended tail of a comet. According 
to this explanation, all three tails should be in phase. 
Actually in figure 4 only two are in phase, the third, that 
of the lower left-hand conductor, being reversed. This 
may be explained by the “over-twist” which is given to- 
one conductor by the guide shoe or die in order to make it 
lock in place with the other two conductors. The slack 
m the insulation in this case results in a 30 per cent in¬ 
crease m insulation wall thickness at the “comet’s tail 


The mechanical irregularities visible in the wafer struc¬ 
ture may be interpreted in terms of both manufacturing 
design and processes and of installation and operation 
Among theformer the effects of design, taping, end cabling 
■mmhmety rnd the shrinkage characteristics of the 
paper should be emphasized.* 

imS^nf^ S* deSign * ** sha P e of ^e conductor is 
miportant in obtaining a uniformly compact insulation. 

SIT ° fferS the extreme 

sector of figure 4 is a source of trouble; had the “flats” 

on lather side of the apex been rounded to meet the bulge 
m the insulation the gaps at this location would have bJa 
^mated, and had the shoulders been less 
wodd have been less tendency to form interl^^ 

St o?!"^55H? 
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mum sheath temperature of 89 degrees centigrade 





Figure 12. Wafer of single conductor 66-ltv cable after 
load-cycle aging 


In a similar cable as much as 40 per cent greater thickn ess 
has been found. A striking example of the “comets tail” 
effect was found in a piece of new foreign cable submitted 
for test (figure 8). Pretwisting the copper conductors 
eliminates the rather considerable twisting forces on the 
insulation with the result that “comets’ tails" are less 
likely to be found (figure 9). 

Occasionally the three cores are not spaced sy mm etric 
cally as a result of improper adjustment of the guide shoes 
or dies in the cabling machine. This trouble may usually 
be detected by asymmetrical lateral filler spaces as in 
figure 4. The consequence is increased diameter of the 
cable and perhaps distortion of some parts of the in¬ 
sulation wall. Cabling is also frequently responsible for 
wrinkling. 

An important cause of mechanical irregularity of in¬ 
sulation lies in the shrinkage characteristics of kraft 
paper when dried. When two different papers which have 
been conditioned at the same relative h umi dity are dried 
together, one may contract more than the other; for 
example, in “graded” insulation, if the i nner denser paper 
shrinks more than the outer more porous paper, a gap 
appears such as is indicated in plate 4. Sometimes due 
to lack of preconditioning the paper tapes have different 
moisture contents at the time they are applied to the 
cable, and as a result differential shrinkage occurs on dry¬ 
ing, and interlayer spaces, such as are visible in the wafers, 
are formed. Since paper conditioned at high humidities 
shrinks more than paper conditioned at lower humidities, 
cable made on days of high humidity, such as might occur 
during the summer, differs with respect to compactness of 
layer structure from cable made under low humidity con¬ 
ditions. In building insulation walls of more than 100 
tapes’ thickness it is often necessary to pass the con¬ 
ductor through the taping machine twice; if the first 


tapes are applied on a day of high humidity and the final 
tapes on a day of low humidity, a gap may be formed 
between the two groups of tapes during drying, because 
the inner tapes being more moist would show greater 
shrinkage. Such an explanation may account for the 
plainly visible gap of figure 10, although the same effect 
might be produced by using graded insulation of different 
shrinkage characteristics, or by making the second pass 
through a different taping machine. 

Interpretation of Wafer Structure in 

Terms of Installation and Service Conditions 

When table which has been withdrawn from service is 
waferized, interlayer voids are usually visible; these may 
have been formed, however, not during manufacture, 
but during installation and use. Installation involves 
reeling and unreeling, bending and pulling; and operation 
involves load cycles. The effects of bending and of the 
load cycle have been evaluated by the wafer method. 

Bending. Two makes of 1937 cable were subjected to 
the standard cold bending test specified by the AEIO. 
Examination of wafers made before and after the bend 
test revealed that, although slight changes in structure 
were apparent under the microscope, the additional ir¬ 
regularities due to bending were so small in comparison 
with normal imperfections as to be negligible. 

Load Cycle. The effects of service can perhaps best be 
determined by studying wafers of cables which have been 
subjected to severe load cycles in the course of accelerated 
aging. The effect on the cable structure of load cycles 
having a maximum sheath temperature of about 90 de¬ 
grees centigrade is shown by the wafer of figure 11. When 
this was compared with the wafer of the new cable it was 
seen that the layer structure had been opened up, and that 
the lead sheath which initially fitted the insulation closely 
had been greatly expanded. In addition, the shielding 
tape, which tends to resist the distention of the insulation 
on load cycling, had been slightly stretched. A similar 
cable, subjected to sheath temperatures of 70 degrees cen¬ 
tigrade during load-cycle aging, showed about the same 
degree of loosening of the layer structure, but the dis¬ 
tortion of the lead sheath was less pronounced. On the 



Figure 13. Curves showing radial variation in compactness 
across insulation wall of cables similar to those shown in 
figures 4 and 5 
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Table I. Depth of Penetration (in Millimeters) 


Insulation Lateral Fillers Central Fillers 


3.9.5.6.11.5 

3.3.4.5. .. .Too soft to measure 


Table II 


PArcantagA of 

Amount of 

Length of Shortest Leakage 

Path (Inch) 

Overlay 

(Inch) 

"Zig-Zag” 

"Step” 

50. 

.0.450. 

.20.2. 

.22.7 

40. 

......0.360. 

.20.2. 

.18.2 

30. 

.0.270. 

..20.2. 

.13.7 

25,. 

.0.225. 

.20.2. 

-11.4 

20. 

.0.180. 

.20.2. 

. 9.2 

10. 

.0.090. 

.20.2. 

. 4.7 


butt spaces, instead of being symmetrically staggered 
diagonally from conductor to sheath, are arranged some¬ 
what at random, and that in consequence there are two 
locations where several butt spaces are superimposed 
along a radius with a corresponding reduction in effective 
solid insulation thickness. In one case this thickness is 
reduced by 33 per cent. Moreover, the length of the 
shortest leakage path from conductor to sheath, believed 
to be an important factor in breakdown, is greatly reduced 
at these locations. In addition to revealing flaws and 
faults in the layer structure the longitudinal wafers there¬ 
fore provide an ideal method for making measurements 
for statistical studies of regularity of taping. 

Analysis of Taping Theory 

A simple and effective method of quantitatively evaluat¬ 
ing uniformity of butt-space arrangement has been de¬ 
vised by Mildner and Scott, who were using it in studies of 
taping machine control at the time one of the authors 
was visiting their laboratory. 9 It consists of making 
measurements of the overlay of each tape in the insulation 
wall and of plotting these values, expressed to the nearest 
five per cent in percentage of lay, i.e., pitch or axial width 
of a tape and butt space, against frequency of occurrence 


Non uniform cable, 
Uniform cable..... 



Figure 15. Mildner diagram of butt-space distribution 
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N = NUMBER OF LAYERS 

P 2 (LENGTH OF SHORTEST ZIG-ZAG* PATH) = tN+(N-l) (-£-g) 

P S (LENGTH OF SHORTEST "STEP" PATH = tN+(N-l) l-g,WHEN l£g 

Figure 16. Diagram showing effect of various percentages 
of overlay on minimum insulation thickness and leakage paths 

in the form of a distribution curve. These values may be 
obtained with a traveling microscope from a longitudinal 
wafer. The method when applied to two samples of 
American cable yielded the distribution curves of figure 
15. In the upper curve it is evident that, although a 
67-33 overlay was aimed at, the butt-space distribution is 
not far from random. In the cable of the lower curve, in 
which a 60—40 overlay was evidently the goal, fairly close 
control is indicated. 

Tape “wander” may also be plotted in the form of 
Mildner distribution curves. 

Influence of Overlay on 

Effective Thickness and Shortest Leakage Path 

The proper choice of overlay is important in producing 
cable of good quality because it determines the minimum 
number of butt spaces which may line up across a radius, 
thus reducing the effective solid insulation thickness, and 
rendering the cable particularly susceptible to breakdown 
as a result of transient voltages. 10 It also influences the 
length of the shortest leakage path, which according to 
the tracking theory of Robinson 11 may be more important 
than effective insulation thickness. There are two gen- 
eral types of path from conductor to sheath over the 
surface of the paper tapes, either of which may be the 
shortest, depending on the overlay. One is the “zig-zag” 
type, and the other the “step” type, both of which are 
shown in diagrams A and B of figure 16. The length of 
the zig-zag” path is independent of overlay, whereas that 
of the “step” path is almost a direct function thereof. 

The equations are given on figure 16. 

In analyzing cable structure, the length of the step 
path is of importance, the length of the zig-zag path being 
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fixed for a given width of tape and of butt space. It 
may be greatly reduced either by tape “wander” and con¬ 
sequent registration, or by poor choice of overlay. For 

2r P ; ^ nn!f We i lmVing 51 Iayers of ^ °-850 inches 

O nv) n d t, 0 ' 00 !i, m< f“ thick ’ and a butt «P«* width of 
OOSO inches, the lengths of shortest leakage path for 

various overlays vary widely as shown by table II 


Relation Between 

Mechanical and Electrical Characteristics 

While it would be unreasonable to seek a relationship 
between mechanical uniformity and dielectric loss result- 

wT- 7 ^ or the use of high-loss ma¬ 

terials, yet it is entirely logical to expect a relationship be- 
tweenmectacal unhormity and ionization characteris- 
tics. The latter should be true in view of the numerous 
researches described in the literature showing that ioniza- 

dZZ ? ke ? pkce “ hlmsof not inconsiderable 
dimensions. Further, smce ionization is held to be the 
chief <juse of inherent faflure, it is reasonable to expect 
a relationship between mechanical uniformity and life. 

Ionization 

The search for a relationship between ionization factor 

iifa/lf. 1111 —!? Ct k° nS tf 1 ^ Cable “ sulation structure, as 
made visible by the cross-sectional wafer method, was 

made comparatively easy by the availability of a number 

of samples of three-conductor 24-kv cable of known ioniza- 

These had been saved in a sealed 

yeLt ln^>° ^ yCle ^ tCStS OVer a P eriod of 
years. In addition six samples of single conductor 66-kv 

cable, also of known electrical characteristics, were very 

kmdly supplied by Mr. H. Halperin of the Commonwealth 


Edison Company, Chicago, Illinois. Upon waferizing the 

66-kv samples, it was found that the best with respect to 
v«bfc d*** ta ^ wa(er stnictnre ^ a 

zahon factor of minus 0.01 per cent; this cable gave satis¬ 
factory results on load cycle and in service. The worst 

7 i° niZati ° n factor of 115 per cent, the 

Z : d “ a ' tofato 

Out of 18 three-conductor 24-kv cables 17 showed good 
a^ent between fantatfan factor and number and& 

w^ers ^Ir^r detennined by inspection of the 
wafers. The relation was especially good for cables of the 

i^f“ akea ° d age ' Tie wafer showing the most uniform 
insulation had an ionization factor of only 0.08 per cent 

a wiUi prono, ”“ d 

11) the ionization factor was 3.1 percent. * 

tw h l reSUltS 0b , tained “ ^ stud y confirm the belief 
1S arela J onshi P between mechanical gaps and 
perfections m the insulation, and ionization factor 
However, when these gaps are filled with oil, as when the 

when ? e 10nization fact °r “ a y b e low. It is only 

the cablp n ^ f” 1118 ° Ut ° f these a result of laying 

cycle thatkS? “ “ f ° rced ° Ut by effect of the load 
cycle that ionization can occur in them and that the rela¬ 
tionship stated above holds true. 

otatS&S? tl t ? iS / elationship ’ explanation of the 
tion that two conductors of the three-con 

th^thT^?? CaWe Sh ° W 4 mereat ionization factor 
than the third, becomes simple, because as has already 

been mentioned, two insulated conductors of such a cable 
Se third i< ^ mtheCablingprocesstoad i ff c re n t degree from 


Life 

J*? ion i Z&tion is probaW y the chief cause of inherent 

visffijTvSt 0fthe rektion between ionization and 

vmds, it is inevitable that a relation between me- 

. charactenstics and life should exist. Failures in 
service in which sufficient evidence remains to permit defl¬ 
ate assignment of the cause are not easy to obtain and 
some tune must necessarily elapse before a complete case 

0 f uf me rr*. is aWy ** iumd ' 

test tE f w ° n l0ad ' cycle aad on high-voltage 
test The cable represented by the wafer of figure 17 

ttee «»«* conductor 

n which the wrinkle appears so prominently. When 

three^onductor sector-type cable is subjected to high- 

in t6St f at the fact017, out of ten failures occur 
m some makes at the insulation of the lagging shoulder 
i.e., m the vicinity of the “comet’s tail.” gS g ’ 

Voids in the middle of the insulation wall are thought by 
Robinson” not to be a serious cause of trouble, being 

_ 

wdnWed^n 7?^ °! th, *V COnducior ' 24-kv cable showing ^Hfl breakdOWn ’ , itmus ^ 



Vym, Keyttar Cable Vmfon^y ELncmr^ Engine bring 




Figure 18 a. Wafer of three-conductor, 24 -lcv joint made by 
experienced splicer 

tion in a void reduces the potential drop across it to very 
low values, thus increasing the gradient in the rest of the 
insulation and, in turn, at the conductor. Where voids 
in different layers are interconnected and form chains of 
ionized layers, the gradient at the conductor might be very 
seriously increased. Superimposed on the effect of in¬ 
creased stress resulting from ionization in the middle in¬ 
sulation wall is a high frequency component; Robinson 
points out the greater ease with which breakdown occurs 
as the frequency increases. 

Tracking along paper surfaces, which is now coming to 
be accepted as the mechanism of ionization failure after a 
core has once formed, is believed to be dependent not only 
on the type of oil used and the stress, but on the radial 
thickness of the interlayer space and on the extent to which 
the adjacent layers are pressed together. In other words, 
tracking is thought to be more difficult in a compact in¬ 
sulation. For these reasons it seems unwise to rule out 
the effect on life of large gaps and voids at any point 
throughout the insulation wall. 

From the evidence obtained so far there appears to be a 
good correlation between mechanical uniformity of cable 
insulation and ionization factor, and, in those cases where 
ionization is responsible for failure between uniformity 
and time-to-breakdown in service. 

Suggested Uses of Tests 
for Mechanical Uniformity 

Because so little attention appears to have been given 
to mechanical uniformity of high voltage insulation up to 
the present time, a wide range of useful applications of the 
test methods which have been described immediately sug¬ 
gest themselves. 13 These methods should be equally 
useful to both divisions of the industry. 


Among the many uses to which the methods might be 
put by the utilities, perhaps the most important is that of 
helping evaluate more precisely the comparative quality 
of different makes of cable. For this the occasional use of 
the wafer method is indicated, supplemented by the more 
frequent use of the torsion and other tests. By waferizing 
before and after subjecting the cable to severe load-cycles, 
it should be possible to judge the heat-cycle stability of 
cables; and indeed, when more data has been accumulated, 
it may be possible to substitute this and other tests for the 
tedious and costly load-cycle test. In a similar manner, 
it may be possible to determine the critical temperature 
at which the cable structure becomes permanently dam¬ 
aged, that is, to determine maximum safe operating tem¬ 
peratures. Another important use for the test methods, 
particularly the longitudinal wafer method, should be to 
analyze the cause of failures in service more satisfactorily. 
By careful study it will be possible to learn whether present 
methods of installation of cable cause serious damage to 
the insulation. In the jointing school the wafer may be 
used effectively to demonstrate the result of tightly and 
loosely wound taping on the final structure. (See figure 
18.) By pulling from the ground cables of different types 
and vintages and then waferizing them, a useful educa¬ 
tional illu min ated display of the history of improvement of 
cable construction could be produced. 

To the manufacturer, the test methods should find their 
most important use in factory control. Through their 
continued use, it should be possible to improve both design 
and the mechanical assembly of cables. The load-cycle 
stability should now be capable of improvement through 
selection of oils and papers and adjustment of processes 
in the light of the results obtainable by the wafer method. 
Another important problem which should be capable of 



Figure 18 b. Wafer of three-conductor, 24 -lcv joint made by 
less experienced splicer than the one making the joint shown 
in figure 18 a 


March 1938, Vol. 57 Wyatt, Smart, Reynar—Cable Uniformity Transactions 153 







solution with these methods is that of the best manner of 
varying the tape tensions across the radius so as to make 
an insulation which is compact and which will at the same 
time satisfactorily pass the specification bending test. 

When these improvements have been effected and 
methods developed of applying paper tapes to the conduc¬ 
tor with such precision that the overlay cannot be other 
than perfect, so that the shortest leakage path must always 
be at a maximum, and so that it is impossible to have reg¬ 
istration and resulting weak spots periodically through 
portions of the insulation wall, it should be possible radi¬ 
cally to reduce insulation thicknesses. In cutting down 
the insulation wall, once mechanical perfection is possible, 
the task of the manufacturer is made easier, not harder, 
because the volume of oil causing expansion troubles is re¬ 
duced, the radial resistance to oil flow is reduced making 
return of the oil after the heat cycle more easy, and the 
thermal resistance is diminished. Reduction of insula¬ 
tion thickness should mean, on the one hand, ability to 
transmit more power through a congested duct system, 
and on the other, reduction in cost and a further closing 
of the gap between economics of underground and over¬ 
head construction. 

Carried to its logical end, improvement in mechanical 
uniformity should at some time in the future make possible 
the use of solid cable at 100 kv or over, without resort to 
pressure devices to suppress ionization. 


Conclusions 

The test methods which have been described make it 

StoT "n"“ * he ******* of cable 

msulation. They are reliable and suitable for general use 

The wafer method is most important because by its use it 

“ r 8 *!' “ »*o the iusulatioh 

The cross-sectional wtfer brings out irrcgnhriU«3T 

«« from taping with variabla tension, the u*ot££ 

age of overlay used in the taping and the nr . perce f t ' 
whieh the tapes were applied TW * preasion mtb 
simple, rapid, and suffidStly^thrJ 18 

comparisons of radial Y , nsitlve to make possible 

insulation wall of new cable and th com P actne ss across the 
a' compactness as a result'of 

bepenenometer test is ^efnl in 


the study of mechanical uniformity throws open the 
door to improvement of high voltage cable in several direc¬ 
tions. Improved load-cycle stability may now be ex¬ 
pected, and ultimately, when ways can be found of apply¬ 
ing taping with absolute precision, radical reductions in 
insulation thickness should be possible. Perhaps it will 
be practicable to raise the upper voltage limits for solid- 
type cable so that it may compete with the more compli¬ 
cated pressure types. Possibly improvement of mechani¬ 
cal uniformity is the last major step to be taken to bring 
oil-impregnated paper cable to the same level of efficiency 
and reliability as other types of electrical equipment. 
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The Current-Carrying Capacity of Rubber-Insulated Conductors 

ByS.J. ROSCH 

ASSOCIATE AIEE 


Introduction 

T HE INVESTIGATION described in this paper was 
initiated in 1931 by The Rubber Insulated Wire and 
Cable Section of The National Electrical Manufac¬ 
turers’ Association (NEMA), for the purpose of deter- 
mining the current-carrying capacities of rubber-insulated 
wires and cables installed in buildings. The reasons for 
this investigation were as follows: 

(a). Rubber-covered wires and cables had undergone considerable 
changes in design and chemical composition during the preceding 
ten years, without any advantage being reflected in increased cur¬ 
rent-carrying capacity. On the other hand, many changes in build¬ 
ing materials and methods during a number of years may have had 
an adverse effect on the heat-dissipating condition of wires and cables. 

(b). The table of permissible current ratings for rubber-insulated 
wires and cables, as printed in the National Electrical Code, was 
presumably based on a maximum safe operating temperature of 
49 degrees centigrade (120.2 degrees Fahrenheit), although it refers 
to this temperature as the "ambient” temperature. The standardi¬ 
zation rules of the AIEE specify a maximum safe operating tempera¬ 
ture for rubber-insulated conductors of (60-E/4) degrees centigrade, 
which in the case of 600 volts operation would correspond approxi¬ 
mately to 60 degrees centigrade (140 degrees Fahrenheit). Since the 
AIEE is represented in the formation of the National Electrical Code, 
it would appear as though the rules promulgated by these respective 
organizations were in conflict. 

(c). If the AIEE interpretation of ambient temperature were ap¬ 
plied literally to the Code ratings* the ultimate temperature of some 
of the conductors when loaded according to these ratings, would ap¬ 
proach close to 70 degrees centigrade (158 degrees Fahrenheit). 

(d) . Although it had been known for. some time that grouping of the 
conductors results in the lowering of the allowable current carrying 
capacity, there was no indication in the Code of the reduction to be 
expected, for example, in a three-conductor as contrasted with a 
single-conductor cable. 

(e). As a result of misinterpretation of the current-carrying ca¬ 
pacity table in the Code, frequent cases of trouble had been experienced 
in the operation of rubber-covered cables, without any apparent 
violation of the Code having been committed in the wiring layout or 
installation. A typical example of one of these cases may be seen in 
figure 1. 

This represents two samples of rubber insulation taken from a 
400-foot length of single-conductor 500,000-circular-mil, taped and 
weatherproof braided cable, which had been installed in the basement 
of a public building. Of the entire run, about 17 feet passed through 
the boiler room where the ambient temperature averaged between 
102 and 110 degrees Fahrenheit (38.9 and 43.3 degrees centigrade), 
while the balance of the run outside of the boiler room had an average 


about two years before being withdrawn due to alterations in the 
wiring layout. It was then that the conditions as indicated in figure 
1 were noted. The upper portion of figure 1 shows the appearance 
of the insulation taken from the cooler section of the cable, while the 
lower indicates the appearance of a section taken from the run in¬ 
stalled in the boiler room. 

Obviously, the hot-spot condition should have been provided with 
a larger conductor size so as to reduce the rise in temperature above 
the ambient, so that the maximum temperature rise would not ex¬ 
ceed the maximum permissible insulation temperature of 122 degrees 
Fahrenheit (50 degrees centigrade), as provided by the Code. This 
installation was carried out in accordance with the then existing Code 
rules. 

(/). Although the table of allowable current-carrying capacity ap¬ 
pearing in the Code had been reproduced in various engineering hand¬ 
books, trade publications, catalogs, textbooks and other sources of 
authoritative engineering information for more than 30 years, none 
of these publications ever gave any indication of the basis used in 
the formation of this table as in the case of current-carrying capacity 
tables given for impregnated paper insulated cables. 1 

(g). Periodically, various engineering publications would contain 
articles dealing with the subject of current-carrying capacity of rub¬ 
ber insulated wires and cables, but giving permissible current load- 



Figure 1. Effect of hot-spot temperature on rubber insulation 


ambient temperature of 70 degrees Fahrenheit (21.1 degrees centi¬ 
grade) . The installation consisted of three single conductors in 
conduit with 380 amperes per phase and had been in operation for 


Paper number 37-155 recommended by the AIEE committees on power trans¬ 
mission and distribution and research, and presented at the AIEE winter con¬ 
vention, New York; N. Y., January 24r28, 1938. Manuscript submitted 
November s, 1937; made available for preprinting January 0,, 1938* 

S. jt. Rosch is manager of insulated products development for the Anaconda 
Wire and Cable Company, Hastmgs-onrHudson, N.'Ys 

1, For all numbered references, see list at end of paper. 


ings at variance with those found in the code. These would not only 
be confined to technical articles, but would also appear in the form 
of standards to be observed in a given territory. 1 

Plan of Investigation 

After a thorough study, the committee consisting of 
Messrs. E. D. Youmans, G. W. Zink, and the author as 
chairman, formulated the following program. 
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Table I. Summary of Cable Ratings 


Conductor 
Size (Awg 
or Circular 
Mils) 
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0. ... 
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50. 

. 52. 
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76. 
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. 72. 

90. 
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.298. 
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X. Investigate the historical data in connection with the Code values 

duSS wtli™ SE o7vTZ*gz™rs£ Ztd? C0D ' 

conduit cab eSj also similar factors for metal 


Historical Data 


data, but the following references if ^ ° f historical 
tion of the development of th ^ SCrVC as 011 indica ‘ 
current carrying capacitv & P res ent Code values of 

pendent ratings thatappeared du^ ” S ° me ° f 41x6 “ de ‘ 
facilitate the study of this de W f g vanous P^ods. To 
^e been abstSd^om ■ th ^vs ratings 

“'"P“f 0nn in^IeT” “ d 

’ J ° lm MMIet ' "«*«• fie conclusion tliat ior 


156 Transactions 


Rosch—Current Ratings 


me temperature rise varies as the 1 5 
thr0Ugh ** conductor. 

a<* • *• . Lor ? Kdm > speaking before the British 

Mrfttc'SSL?? <* Science,, tat enunei- 

atea the famous law associated with his name "that the 

<*onomieal sine of eonductor in tand “ plaSe ta 

cost of the ennual mnductor loss equal to taSmS 

chetge for maintenance, depreciation and interest on the 
money invested.” ALCrest 0X1 ine 

In 1883, Thomas Gray* found that a current density of 

10 cause overheating. * 

gation, the prima^^ro^rT 0 ?^ 80148 ° f ^ inV<2Sti ' 
the ultimate s tea dy Estate + ° WlUCh Was to detenn ine 
conductors under a riven i ^ nperature of electric light 
surface emhSX w l S ’ 88 weU “ ^ thermal 
paratively small diameter and SUltS -° n Conductors of com * 

Of materials in the order • ? rt at record “g a table 
also showed ^d"t^e^d^ He 

did no. nur hotter than hare tfd„"C“.T„ta 


Electrical Engineering 









contrary, with higher current densities had a tendency 
to run cooler. This had previously been shown to be 
theoretically possible according to an editorial by Sir 
William Thomson (Lord Kelvin), 7 and was based on the 
fact that the thermal resistance of the ins ulating coverings 
was offset by the increased dissipating surface provided by 
the increase in diameter. 

In 1884, Prof. George Forbes 8 presented a paper which 
was destined to have a very important bearing on the 
formation of our present Code values. In this paper he 
concerned h im self with the heating effects produced by 
the current ratings then in effect, severely criticizing the 
British Fire Risks Committee for their arbitrary practice 
in 1882 in setting up a limit of 1,000 amperes per square 
inch of conductor cross section, pointing out that whereas, 
this may be a safe limit for the smaller wires, it might 
produce dangerous overheating in the case of larger con¬ 
ductors. He also claimed that the square of the current 
is proportional to the cube of the conductor diameter, 
adding however, that in the case of small conductors, con¬ 
vection is of greater consequence than radiation, his law 
is only applicable to the larger conductors where radiation 
is the major method of heat dissipation. 

In 1889, Dr. A. E. Kennelly 9 published a series of articles 
based on an original investigation conducted at the Edison 
Laboratory in Orange, New Jersey. This investigation 
was undertaken on behalf of some fire insurance companies 
to determine the heating produced by certain current 
loadings and this afforded him an opportunity to verify 
Professor Forbes’ findings. In his published data, Doctor' 
Kennelly gave a table of current ratings (see table I, 
column a) based on an ambient temperature of 75 rk>grw S 
Fahrenheit (23.9 degrees centigrade) and an allowable 
temperature rise of 75 degrees Fahrenheit (41.6 degrees 



centigrade), or an ultimate temperature of 150 degrees 
Fahrenheit (65.6 degrees centigrade). The reason for set¬ 
ting the upper temperature limit at 150 degrees Fahrenheit 
(65.6 degrees centigrade) was that Doctor Kennelly felt 
this to be the danger point for rubber insulation. We shal l 
see later how this table became the basis of our present 
Code ratings. 

Doctor Kennelly’s investigation included three different 
installation conditions* 



Insulated copper conductors installed in wooden paneling to repre¬ 
sent house wiring. 

Bare and insulated copper conductors installed outdoors on poles. 

Bare copper conductors suspended indoors to represent an installa¬ 
tion in a central station. 




# - a Lctuie OI CtuTc] 

ratings which were very widely used (see table I, colun 
b). This table was based on the results of a series 
original researches. 

In 1894, the insurance rules 11 prevalent in the count] 
prescribed a table of maximum current ratings (see tab 
I, column c). These were apparently based on 50 p< 
cent of the values proposed by Kennelly, but rounded c 
to the nearest 5 amperes. 

In 1894, the National Electrical Code 11 (then known i 
the Underwriters’ National Electrical Association) al; 
published a table of similar ratings, but based on an exa< 
50 j>er cent of Kennelly’s values (see table I, column d 

°\^ UaXy 10 > 1895 u this same body proposed ths 
Iheir 1894 values be increased 25 per cent for conceale 
installations, such as in paneling, and 75 per cent fc 
open wiring, such as dealing or knob and tube wirim 
This was strongly protested at a meeting of the AIE 
as being arbitrary and tending to be unsafe. 
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In 1895, Professor William L. Puffer 11 offered the results 
of some original work at Massachusetts Institute of Tech¬ 
nology in the form of a table of current values which would 
cause the insulations then available to begin smoking. 
Tests on 75 samples of wire indicated that the results could 
be expressed by the formula 

/ = 1 , 610 d 1 -** 

where 

I » current in amperes to produce smoking 
and 

d *= conductor diameter in inches 

These values are reproduced in table I, column 1, as a 
matter of interest. 

So many tables of current ratings began to be issued 
that finally on March 19, 1896, 12 a committee consisting 
of the leading engineering societies and insurance com¬ 
panies, finally agreed on a table of current ratings, taking 
approximately 60 per cent of Kennelly’s original values 
(table I, column a) and stating that with an ambient of 
75 degrees Fahrenheit (23.9 degrees centigrade), these new 
current ratings would yield a temperature rise of 29 degrees 
Fahrenheit (16.1 degrees centigrade) above the temperature 
of the surrounding air. The value of 75 degrees Fahrenheit 
(23.9 degrees centigrade) was chosen as the average indoor 
temperature. The values adopted are given in table I, 
column e, and it is to be noted that *'‘these currents are 
specified for rubber-covered wires to prevent gradual 
deterioration of the insulation by the heat of the wires, but 
not from fear of igniting the insulation. The question of 
drop is not taken into consideration in the above table.” 

The reason assigned for adopting only 60 per cent of 


Kennelly’s original values, was that the margin of 40 per 
cent was to allow for the inevitable increase in current, 
such as that produced by the changing from one size lamp 
to those of a larger candlepower, the adding of more lamps 
to a circuit, the overloading of a motor, etc. 

In 1903, the Institution of Electrical Engineers (Brit¬ 
ish), 18 issued a set of wiring rules in which they recognized 
the maximum operating temperature of rubber-insulated 
conductors as 130 degrees Fahrenheit (54.5 degrees centi¬ 
grade). They also set up two ratings, one for locations of 
high ambients and the other for ordinary conditions. In 
view of the difference in the British wire gauge, table I, 
column/, gives excerpts from these rules in terms of the 
nearest American wire gauge (Awg.). It is interesting to 
note that these ratings were established even though Doc¬ 
tor Kennelly’s findings had already been reported and 
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Effect of aging at 50 degrees centigrade, Code- 
grade rubber insulation, manufacture A 
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Figure 5. Effect of aging at 50 degrees centigrade, Code¬ 
grade rubber insulation, manufacture B 

favorably commented upon in the English technical press. 

In 1906, H. W. Fisher 14 issued a new set of current rat- 
mgs for rubber-insulated wires and cables based on Doctor 
Kennelly s original findings for insulated conductors in 
prniels These values (table I, column g) differed con- 
aderably from those adopted by the National Electrical 
Code m 1896, being considerably greater in value for 

“ 8 A T g - mi lar S er - The cable handbook in which 
they were issued received a very wide distribution through¬ 
out the country, being used as a recognized reference text 
in several engineering schools. 

In 1910, Doctor Aleaander Russell” showed that the 
temperator. rise varied as the 1.25 power of the comnt 
flowing through a conductor. 

In 19U, Messrs. S. W. Melsom and H. C. Booth 14 pre- 
sented their classical paper before the IEE, giving the 
results of a two-year investigation conducted at the Na- 
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tional Physical Laboratory at 
the request of the IEE wiring 
rules committee. The object 
of the investigation was to de¬ 
termine the temperature rise 
as well as the current density 
for a given temperature rise in 
rubber- and paper-insulated 
cables of various sizes and with 
different types of coverings. 

In the case of the rubber- 
insulated conductors, the sizes 
were confined to those ordi¬ 
narily encountered in interior 
wiring. This was the first 
scientifically conducted experi¬ 
ment, the study actually tak¬ 
ing into account observations 
made under different condi¬ 
tions of installation. 

The authors were interested in the current densities 
necessary to produce two different values of temperature 
rise, namely, 20 and 30 degrees Fahrenheit (11.1 and 16.7 
degrees centigrade), respectively. Their findings indicated 
that this data could be expressed by the general formula 



where 


Figure 6. Test setup 


ratings given in the National Electrical Code. A study 
of this tabulation not only reveals the inconsistencies 
between the various ratings, but that the present Code 
values are practically the same as adopted in 1896, the 
difference being that in the present table the values have 
been expressed to the nearest five amperes. 

Factors Affecting Current-Carrying Capacity 


i =» current density in amperes per square inch 
AT m a constant varying with each condition 
JO ® outer diameter of completed cable in inches 
* area of copper conductor in square inches 
** = an exponent varying with installation conditions 

the actual values being found in table II. 

The authors also investigated the effects of higher, but 
intermittent ratings, necessary to produce a given tem¬ 
perature rise. 

In 1912, R. H. Rice in discussing a paper by C. T. Mos- 
man 2 gave some of the current ratings for rubber-covered 
conductors as permitted by the Board of Supervising Engi¬ 
neers of Chicago Traction (see table I, column h). 

In 1913, Doctor S. Dushman 17 presented a table of cur¬ 
rent ratings for different values of temperature rise, at 
the same time drawing a comparison between these and 
corresponding values published by the General Electric 
Company for the respective conductor sizes (see table I, 
column i). 

Table I, also contains ratings taken from the latest 
standards of the IEE, as well as the 1931 (same as 1937) 


Tabic IL Current-Density Factors—Melsom and Booth 


Type of Cable 

Temperature Rise of 


20°F(11.1°C) 

30 o F<16;7°C) 

Rubber-insulated and braided in air. 


r-457(1)""* 

Rubber-insulated add braided 

in moulding....<.......... .. .. .. 


i - 858 (y) ' 


The fundamental formula for the current-carrying ca¬ 
pacity of a single-conductor rubber-insulated braided cable 
in conduit is 


-v 


r» - Tg 

RcuRih 


amperes 


wherein 

To .«* maximum safe operating temperature of insulation, in degrees 
centigrade 

T a = ambient temperature, in degrees centigrade 
Rcu = effective conductor resistance, in ohms per foot 
Rth “ thermal resistance of path from conductor to ambient air, 
in thermal ohms per foot of cable. 


Rm - 0.00522 
wherein 


p l°g« j + Pi log, 


4 ) 


0.00411jgfr 0.0041lJ8 e 

+ D + D e 


d 

di 

D 

Do 

P 


Pi 


diameter over copper conductor, in inches 
diameter over insulation, in inches 
over-all diameter of cable, in inches 
over-all diameter of conduit, in inches 
thermal resistivity of insulation, degrees centigrade per watt 
per centimeter cube 

thermal resistivity of braid, degrees centigrade per watt per 
centimeter cube 

Bj, — thermal surface resistivity of braid, degrees centigrade per 
watt per centimeter square 

Be ' “ thermal surface resistivity of conduit, degrees centigrade per 
watt per centimeter square 

Examination of the various factors which make up J, 
shows that the values of T 0 , and Rg, are the un¬ 
knowns. Analyzing we find that the industry has 
been using the following values: p = 500 18 ; pi = 300 w 
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and B b = 1,000 to 1,200.* In applying these values in 
the formula for Rth> it is found that the thermal resistance 
of insulation and braid forms only one-fifth to one-tenth 
of the resistance of the entire thermal path. Therefore, 
a comparatively large error in p and pi will result in a 
minor error in current-carrying capacity computation. 
However, the values of B b and B c must be known within 
closer limits, because any appreciable error in the values 
of thermal surface resistivity will have a considerable 
effect on the ultimate current-carrying capacity rating 
of a given cable. 

The industry has been using a value of 1,200 for thermal 
surface resistivity. This value was based on measure- 



Figure 7. Location of Thermocouples 

Number 12 Awg—2 couples on braid 
Number 4/0 & 2 Awg—3 couples on braid 
500 MCM—4 couples on braid 


In order to have the results truly representative, 100- 
foot coils of number 14 Awg with three-sixty-fourth-inch 
wall, number 6 Awg with four-sixty-fourth-inch wall, and 
number 4/0 Awg with five-sixty-fourth-inch wall of Code¬ 
grade rubber insulation, finished with a single-moisture- 
proofed braid, a double-moistureproofed braid, and a rub¬ 
berized tape and moistureproofed braid, respectively, were 
obtained from nine different cable manufacturers. These 
coils were cut into one-foot lengths, each length being 
carefully tagged for proper identification and in that con¬ 
dition, grouped into bundles. Each bundle contained 27 
one-foot lengths of wire representing three different sizes 
contributed by nine manufacturers. 

Approximately 40 of these bundles were placed in an 
oven, containing air in circulation, at a temperature of 
60 degrees centigrade * 0.5 degrees centigrade- The 
outer coverings were not removed from any of the samples 


Table III. Thermal Surface Resistivity Bb (Braided Cables 
in Air) 

Thermal Surface 

_ . . Resistivity Bb (Degrees 

Conductor Size Over-All Diameter Centigrade per Watt 

(Awg or Mem) of Cable (Inches) per Centimeter Square) 


ments conducted on cables having an over-all diameter of 
two inches and larger and was assumed to cover the entire 
range of diameters. Calculations, as well as experimental 
determination of the current necessary to produce a given 
permissible temperature rise on some small conductors, 
definitely indicated that the value of 1,200 was in error 
and, consequently, it became necessary to determine the 
actual thermal surface-resistivity values. 

In addition to determining the values of thermal sur¬ 
face resistivity of cable coverings and conduits, it was 
also felt necessary to determine the effect of the following 
variables: 

(а) . Effect of number of conductors in conduit. 

(б) . Nature of outer covering of cable, whether braided or lead 
covered. 

(c). The effect of color of outer coverings and conduits, whether 
black or white. 

(i). The effect of installation in air or in conduit, concealed or ex¬ 
posed, vertically or horizontally. 

All of these factors were taken into consideration as will 
be shown elsewhere in the paper. 

Determination of Maximum Operating Tempera¬ 
ture of Code-Grade Rubber Insulation P 

It has already been pointed out that an apparent con¬ 
flict exists between the maximum permissible tempera- 


12.0.216.630 

2.0.518.... 611 

V0.0.784.712 

500.,...1.100.760 

!»000...1.600...818 


during their stay in the oven. One group of samples which 
was not subjected to heating, was tested for physical 
properties and the values obtained were considered the 
initial values for both tensile strength and elongation. 

During the first week, tests were conducted after two, 
four, and six days, respectively, of heating in the oven. 
Thereafter these tests were conducted at the end of 
each week. When the time for testing would arrive, an 
entire bundle would be removed from the oven and allowed 
to cool for 24 hours to room temperature, after which the 
samples were tested for both tensile and elongation. 

Figures 2 and 3 are typical curves of the behavior of the 
different insulations. In these curves the actual values 
of tensile and elongation were plotted against time of ex¬ 
posure to 60 degrees centigrade and the trend in the de¬ 
terioration noted. It was expected that some deteriora¬ 
tion would be experienced during the progress of the in¬ 
vestigation, but that if the insulation was capable of opera¬ 
ting continuously at 60 degrees centigrade, the physical 
properties would gradually level off to a constant value 
with time of exposure. Reference to these curves, as well 
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degrees centigrade. It tras therefore deSw to first to bad deteriorated to such a point that it 

vestigato the behavior of this type of taLlattofS M c ™ P T“' to T * to >* ™»«™d from the conductor, 
degrees centigrade. ^ Some insulations had become plastic and very soft, while 

others had hardened and become brittle. It was/there¬ 
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fore concluded that 60 degrees centigrade was too high 
for the permissible operating temperature of Code-grade 
insulation. 

It was next decided to carry on a similar investigation 
at 50 degrees centigrade. The procedure was carried out 
identically as in the previous investigation except that 
this time two additional cable manufacturers contributed 
similar samples. Therefore, each bundle now contained 
33 different wire samples. 

Figures 4 and 5 are representative of the typical be¬ 
havior of the insulation at 50 degrees centigrade. The 
materials for figures 2 and 4 were supplied by manufac¬ 
turer A while those in figures 3 and 5 were supplied by 
manufacturer B. It is interesting to note that after ap¬ 
proximately 50 days of heating at 50 degrees centigrade, 
the physical properties began to level off and remained 
fairly constant thereafter. After the data shown for an 
elapsed period of 98 days had been secured, as a matter of 
interest, tests were conducted for 133 days with the values 
showing a practically constant trend. As a result of this 
investigation, it was decided that Code-grade insulation 
could be operated continuously at 50 degrees centigrade. 

Before concluding this section of the paper, it might be 
of interest to note that, other than the experiments con¬ 
ducted by Professor Puffer 11 to determine the values of 
current at which insulation begins to smoke, there is no 
published account of any work having been performed in 
this country to determine the maximum permissible op¬ 
erating temperature of Code-grade insulation. 

Attention should be called, however, to some tests con¬ 
ducted by the Union des Syndicats de L’E14ctricit4 for the 
Paris City Council. 2 ® In the latter investigation, five 
French cable manufacturers contributed a total of 68 
samples of rubber covered wire and cable and tests similar 
in nature to those described in our investigation were car¬ 
ried on to determine the maximum permissible gafr. oper¬ 
ating temperature of rubber insulation. As a result of 
their findings a decision was reached that the maximum 
permissible operating temperature at the surface of the 


conductor in a rubber insulated cable should not exceed 
40 degrees centigrade (104 degrees Fahrenheit). 

The current ratings contained in the IEE wiring rules 81 
are based on a maximum permissible operating tempera¬ 
ture of 120 degrees Fahrenheit (48.9 degrees centigrade) 
for rubber-insulated wires and cables. This is based on an 
ambient of 100 degrees Fahrenheit (37.7 degrees centigrade) 
and a ma xi mu m temperature rise of 20 degrees Fahrenheit 
(11.1 degrees centigrade). 

The maximum permissible operating temperature for 
rubber covered wires used in Japan 28 is 55 degrees centi¬ 
grade (131 degrees Fahrenheit) and is based on an ambient 
of 40 degrees centigrade (104 degrees Fahrenheit) with a 
maximum temperature rise of 15 degrees centigrade (27 
degrees Fahrenheit). 

Determination of Thermal Surface 
Resistivity of Cable Coverings and Conduits 

Preparation or Test Specimens and Equipment 

The cables used in this part of the investigation con¬ 
sisted of the following: 

Number 12 Awg—three-sixty-fourths-inch wall of rubber, H^ lr fin¬ 
ished braid 

Number 12 Awg—three-sixty-fourths-inch wall of rubber, white fin¬ 
ished braid 

Number 2 Awg—fouri-sxty-fourths-inch wall of rubber, rubberized 
tape and black finished braid 

Number 2 Awg—four-sixty-fourths-inch wall of rubber, rubberized 
tape and white finished braid 

Number 2 Awg—four-sixty-fourths-inch wall of rubber, rubberized 
tape and four-sixty-fourths-inch wall of lead sheathing 

Number 4/0 Awg—five-sixty-fourths-inch wall of rubber, rubberized 
tape and black finished braid 

Number 4/0 Awg—five-sixty-fcurths-inch wall of rubber, rubberized 
tape and white finished braid 

500,000 circular mils—six-sixty-fpurths-incb wall of rubber, rubber¬ 
ized tape and black finished braid 


T.bl* IV - tt— 1 S"*"” Bb «"d B. Unde, V.,iou, CondUion, (Br.ided Gbl„ l„ Gndul.) 


Con¬ 

ductor 

Size 

(Awg 

or 

Mem) 

Num¬ 

ber 

of Nominal 

Cables Conduit 
per Size 

Conduit (Inches) 

Color 

of 

Conduit 

12.. 

- 1 ... 

..0.50... 

..Black. 


2... 

..0.50... 

..Black. 


3... 

..0.50... 

..Black. 


3... 

..0.50... 

..Black. 


3... 

..0.50... 

..White. 

2... 

— liV. 

..0.75... 

. .Black., 


2... 

. .1.25,.. 

..Black., 


3... 

..1.50,.., 

. .Black.. 

4/0... 

. ..1... 

..1.25... 

. .Black., 


2... 

..2.00..., 

..Black.. 


3... 

..2.50.... 

.Black.. 


Loading 

Current 


Horizontal Vortical S^i^i - 


Amps, Type Enclosed Open Enclosed 


.. 31. 
.. 26. 
.. &>. 
.. 20 . 
.. 20 . 

.134. 

.. 112 . 

.. 100 . 

..260. 

..223. 

.. 200 .. 


600.... 


1 , 000 .. 


. ,d-c. 

. .d-c. 
..d-c. 

.. a-c., 
..d-c. 

. .d-c., 
.. d-c., 
.. d-c., 

..d-c., 
.. d-c.. 
. .d-c. . 


402.. .. 

531.. .. 

681.. .. 

637.. .. 

638.. .. 


.1.60..... Black.. 

2.. . ..3.00.Black.. 

3.3.00..... Black.. 

3.. .. .3.00.... .Black.. 

3.. ...3.00..... White.. 


378. 

526.. 

574.. 

661.. 
576.. 

.. 411.. 
.. 776.. 
.. 1 , 001 .. 

.. 622.. 
.. 952.. 

. .1,115.. 


351. 

477.. 

583.. 

558.. 

595.. 


Open 

Average 

Enclosed 

Open 

Enclosed 

Open 

376.. . 

483.. . 

635.. .. 

553.. .. 

538.. .. 

.. 377.. 
.. 504... 

!! 1560.7. 

... 948.... 
... 897.... 
... 922.... 
... 931.... 
... 940...., 

.. 898.. 
.. 809.. 
.. 824.. 
.. 837., 
.. 804.., 

....1,061.. 
.... 927... 
♦... 993.., 
.... 996... 
.... 994... 

... 904 
... 858 
... 817 
... 852 
... 838 


.,.. 

... 411... 


.... 

... 776.. 



...1,001.. 



... 622... 


.... 

... 962... 


.... 

.1,115... 



.716... 
. 950... 
.1,030... 
.1,025... 

i Ain 


704.. 

1,035.. 

.1,063.. 


. 701. 
.1,182. 

• 1,289... 

. 1,265 


... 693. 
...1,047. 



.1,081.... 
.1,501.... 
. 1,307.... 
.1,265.... 
.1,468.... 


. 840.. 
. 905.. 
. 955.. 

. 915.. 
. 1 , 000 .. 
.1,028.. 

. 931.. 
.1,125.. 
.1,081.. 
.1,083.. 
.1,050.. 


.1,266...... 026 

.1,604.1,037 

.1,442. 967 

• 1,383...... 962 

.1,528...... 
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500,000 circular mils—six-sixty-fourths-rach wall of rubber, rubber¬ 
ized tape and white finished braid 

500,000 circular mils—six-sixty-fourths-inch wall of rubber, rubber¬ 
ized tape and five-sixty-fourths-inch wall of lead sheathing 
1,000,000 circular mils—seven-sixty-fourths-inch wall of rubber, 
rubberized tape and black finished braid 


The effective resistance for cables in air, was calculated 
by the use of Ewan's formulae. 24 The effective resistance 
of cables in conduit was determined by actual measure¬ 
ment The power input was computed from the current 
and the effective resistance. 


All of the rubber insulation was of the Code-grade and 
the saturating and finishing compounds used on the cable 
were of the flame-retarding, moisture-resisting type per the 
requirements of The Underwriters' Laboratories. Each 
type of braided cable was furnished by a different cable 
manufacturer so as to make the results truly representa¬ 
tive. 

All tests were conducted in a specially enclosed, draft- 
free room where suitable sources of a-c and d-c power were 
available. The 500,000-circular-mil cable and number 
12 Awg wire, when measured in air or in conduit, were 
set up as shown in figure 6. For all other tests the cables 
were supported horizontally in air or in conduit, three and 
one-half feet from the floor. 

On all horizontal sections, thermocouples were located 
at approximately 4, 9, and 14 feet from one end of the 
conduit. On vertical sections, the couples were located 
at the center and two feet above and below the center. 
In any one section, thermocouples were placed on the cop¬ 
per, braid, conduit, and in the air, as shown in figure 7. 

All thermocouples were made from number 30 Awg 
e n ameled, single-cotton-covered, copper and constantan 
wires. All junctions were soldered and cut to the same 
length. Cold junctions were immersed in a cup of oil kept 
in a bath of melting ice. 


Test Results 

We have already given the test results for the deter¬ 
mination of the maximum permissible operating tempera¬ 
ture for Code-grade rubber insulation, in figures 2,3,4, and 
5, respectively. 

Tables III, IV, V, and VI, contained the results of all 
measurements for the determination of thermal surface 
resistivity for braided cables in air and in conduit, some 
additional measurements on lead covered cables in con¬ 
duit, and the a-c resistance of braided and lead covered 
cables in conduit. 

Discussion of Test Results 

1. The data in table III shows that the value of B b 
(thermal surface resistivity of braided cables) in air is not 
a constant, as previously assumed. For the range of cable 
sizes investigated, it varies with the over-all diameter of 
the respective cables. Due to space limitations, only a 
summary of the data is given, but it can be stated that, 

Table V. Thermal Surface Resistivity B b (Lead-Covered 
Cables in Conduit) 


Test Procedure 

For each test setup, a current, estimated to give 50 
degrees centigrade copper temperature, was applied at 
8 a.m. This current was maintained for six hours and the 
first set of readings taken. Readings were repeated hourly 
until thermal equiHbrium had been reached. This pro¬ 
cedure was repeated on each setup for three days. 

The temperatures at any measuring point were invari¬ 
ably read in the following order, before proceeding to the 
next measuring point. 

1. Conductor temperature (loading current—direct and reversed). 

2. Braid temperatures. 

3. Conduit to air temperature difference. 

4. Air temperature. 






MM ^'® ur ® 8. Dissi- 

(ir+N) d per unit lensth n^u&th paling surface 
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Over-All 

Diameter 

Conductor of 
Size Cable 

(Awg or Mem) (Inches) 


500.V.. 1.340. 


500. 


.1.240_ 


Number 

of 

Cables 

per 

Conduit 

Nomina! 

Conduit 

Size 

(Inches) 

Type of 
Loading 
Current 

Thermal 
Surface 
Resistivity Bb 
(Degrees 
Centigrade 
per Watt per 
Centimeter 
Square) 

....2. 

...1.25.... 

.... a-c ... 


....2. 

...1.25.... 

.... d-c ... 


.. .2. 

...3.00.,,, 

.... a-c ... 

.....934 


...3.00_ 

.... d-c ... 

.082 


although the values of B„ for white finished braids were 
higher than those for the corresponding sizes with black 
finished braid, the difference was insufficient to make it 
necessary to complicate current-carrying capacity calcula¬ 
tions by introducing two sets of values. No appreciable 
difference could be detected in the values of B b for vertical 
or horizontal installation. 

2. The data in table IV indicates the following: 

(o). The value of B e (thermal surface resistivity of conduit) is inde¬ 
pendent of the source of power, the respective values for a given 

XrwT? of . co “ dui * “f <* bl * shes being practically the same 
whether determined with alternating current or direct current. It 

should be noted that when computing B c , care should be taken to use 
the effective value of for the operating temperature. 

(&). The value of£„ is independent of the color of the conduit sur- 
5 being practically the same for black and white con- 

Tbrae findings are substantiated by McAdams” who, in a 
table of radiation miss,vities for sixteen different colors of oil paint, 

0f °- 92 A°: 98 and also assigns *be same value of emis- 
smty for black and white lacquer. It appears that as far as heat 
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dissipation by convection is concerned, the color of . 

iss sr 2s£2?n by s 

w * <“ «** »to, S?“ 

W. Tl»v Jmrf i,toto«» iUltacra ^ omd0 . tillmasr ' 

(d). The value of B e varies with the conduit location »wi ,, 
exposed or concealed, vertical or hnr?»™* t , n * whether it be 
Uw* tte d, *“■*« <o Me- 

and irregular enough so that the experimenTT Tt comphcated 
authorities on this subject cannot be successful ^ ° f Several 
ever, he further indicates that forJZ Z^ 0 "^ 
ameter, the convection for a ver tica l pin e is ««, lnches di- 

as shown in table IV. greement with the results 

To facilitate the use of B r in the formula c 
Pacity, advantage is taken of a correction far** ^^^ t “ c f rr 3 rin S ca- 
elsewhere in the paper. Ct ° r wlucl1 ls ^cussed 

SectivecJnS ILi Kn ^ va f ° r the re " 

values wiU be truly 

Table VI. A-C/D-C Resistance Ratio (Measured Value, for 
Cables in Iron Conduitl 




tions. It should be noted that it ,'c , , 

position which a group of conductors wt, ^V° k “? W tte relat ‘ve 

wiU assume with respect to each othJr **? mto a c °nduit, 

arrangement of conductors are * Code for certain 

tors into the conduit and not nn a ease of pulling the conduc¬ 
tor and conduit diafneters Lx the °r ^4™^° between conduc- 

obtained shows 

values of Bj in air. *“* W th the trend exhibited by the 

of B, as uhowu to tobto^”* ag ~ ,M ” t *“* “* ™te 

the results of «. 

and groupings in the iron ° T ^ a ? 0u . s cabIe sizes > finishes, 

code^ Each ^lue^s T a ^ T* prescribed & the 

with the current direct and °1 - tW ° readin S s > taken 
the effect of str^tS ' “ ?** to 

<». ••Pratouto-l ’ m ° my ‘ m “ 

to the Close spacings existing betw^e^^S^ 
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0-5 f.0 1,5 2 0 oeT - — 

over-all DIAMETER OF CABLE-IMCHis 4,0 

Flsure 9 . Thenn,l .urf.„ o( „ b |. 

W* In the case of lead-covered oahu* *u 

losses in the lead sheathing, which to tt^f^ eddy ' current 

opposite in polarity to that produced hv^. P d . ma 8 netic field 

Although this reduces the flux in the irL^ ,n ^ conductor. 

the iron losses, there Je )^ «• 

stray currents. If the shielding eL^Jl* i*" 1 Sheath due *o 

the a-c resistance of the lead /»#■» ^ Skater than the sheath loss 

braided cables, but if the shieldin ^ ** less ^an the 

^s^t*cT rai>fc! oomb “ ^ 

form the basis for a taWe S! ^7 ^ ” ot enou ^ to 
be used for computation^ 7 ^ to 
cable engineers of other <iSTSmn Cons ! ll J ltl011 with 
availability of some additional 7 P mdlcated the 
abled the drawing up 0 f a folSf “ ea f urements which en- 

wfil be found in tebfe K. ““P 1 ®* 6 ^t of data. This 

5. ^ attempting to calculate the values of R 
dmt, the question arose as to whether , * Con ’ 

be calculated on the basis of "totS" Va ! ues stould 
In order to clarify this nnint t + ° f f nvel °pe area.” 
for calculating JB t in conduit/ 1 ", exami “e the formula 


B h 


wherein 


n - Tc 
~~NI 2 R^ ■ ^ ^ssipating area 
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Table VII. Thermal Surface Resistivity Bb Versus Dissipating Area (Braided Cables in Conduit) 


Conductor 

Size 

(Awg 

or 

Mem) 

Over-All 

Diameter 

of 

Cable 

(Inches) 

Number 

of 

tables 

oer 

Conduit 

Nominal 

Conduit 

Size 

(Inches) 


Dissipating Surface 


Thermal Surface 
Resistivity of Braid Bb 
Calculated From 

Envelope Area 

Total Area 

Per Foot 
of Circuit 
(Cm*) 

Diameter 

of 

Equivalent 

Cylinder 

(Inches) 

Per Foot 
of Circuit 
(Cm*) 

Diameter 

of 

Equivalent 

Cylinder 

(Inches) 

Envelope 
Area 
(Degrees 
Centigrade 
per Watt per 
Centimeter 
Square) 

Total 

Area 
(Degrees 
Centigrade 
per Watt per 
Centimeter 
Square) 

12. 

.0.216_ 

.1.. 

....0.60. 

. 62.6. 

.0.216. 

.... 52.6.... 

.0 210 f ' 

378 

378 



2. 

....0.50. 

. 86.3.... 

.0.354. 

.105 .... 

.0.432.... 


... 520 



3. 

....0.50. 

.103 .... 



.0.648.... 


... 674 

2. 

.0.518- 

.1. 

....0.75. 

.126 . 


....126 .... 

......0.518.... 


... 411 



2. 

....1.25. 

.207 . 


.252 .... 



... 770 

% 


3. 

-1.50. 

.246 . 

.1.01. 

-378 . 



... 1,001 

4/0. 


.1. 

_1.25. 

.191 ...... 

.0.70 . 

.191 

0 786 

A99 

A99 



2. 

.,..2.00. 



_382 .... 

. i ^7 

7Q1 

. . . (JA4 

flrn 



3. 

...2.60. 

.373 . 

.1.54. 

-573 .... 

.2.35 .... 


... oua 

... 1,116 

500. 

.1.100. 

.1. 

....1.50. 

.267 . 

.1.10. 

....207 .... 



... 051 



2. 

....3.00. 

.438 . 

.1.81 . 

....534 .... 

.2.20 .... 


... 1,022 



3. 

....3.00. 

.522 . 

.2.15 . 

....801 .... 

.3.30 .... 

.644. 

... 088 

1,000. 



....4.00. 

.596 . 

.2.45. 

....730 .... 

.3.00 .... 

.830. 

... 1,017 


T b = temperature of the braid, degrees centigrade 
T e = temperature of conduit, degrees centigrade 
N * number of cables in conduit 
I — current in amperes 

2?cti » effective conductor resistance at maximum operating tem¬ 
perature, ohms per ft. 

The dissipating surface may be considered as either of 
the areas shown in figure 8 and since there was no prece- 


Table VIII. Conduit Correction Factor Q 


Values of Q 


Nominal 

Conduit 


No. of Single or Multi-Conductor 
Cables per Conduit 


Inches 



One 

Two 

Three 

0.50.... 



...3.9. 

.9,fi.. 


0.75.... 

1.00.... 

1.25.. .. 

1.50.. .. 
2.00... 

2.50.. .. 
3.00.... 

3.50.. .. 
4.00.... 



...3.6. 

...3.2. 

...2.8. 

...2.6. 

...2.3. 

...2.1. 

...1.9. 

...1.8. 

...1.7. 

. 

.7.6.. 

.6.7,. 

.0.2.. 

.5.5.. 

.4.8.. 

.4.2.. 

.3.8.. 

.3.5,, 


4.50.... 



...1.6. 

......3*.3.;; 



Note: o The above values refer to number of cables in a conduit not tn 
number of conductors in a conduit. nauit, not to 

Example: The correction factor for one three-conductor ■ . 

three single-conductor ^Tn "^tetndS 

40 1 0t beyond 4 8 *«“* “onainal conduit size bt - of on 

known losses when very large conductor sizes are used. un 


values for one, two, and three cables per conduit. There¬ 
fore, all of our values for B h in conduit are based on a dissi¬ 
pating surface defined as the “total area.” 

6. After curves A and B in figure 9 had been plotted, 
it was felt that some factor of safety should be introduced. 
After a thorough review of the subject by the technical 
representatives of the respective Wire and Cable Sections 
of NEMA, curve C in figure 9 was chosen for standardiza¬ 
tion as representative of the values of B b for braided or 
lead covered cables, in air or in conduit. This curve is a 
straight line from a value of 650 at 0 diameter to a value 
of 1,200 degrees centigrade per watt per centimeter square, 
for a diameter of 1.75 inches and continuing in a horizontal 
straight line thereafter at a constant value of 1,200 degrees 
centigrade per watt per centimeter square. 


Derivation of Conduit Correction Factor Q 

To understand the significance of the conduit correction 
factor Q and its function in the calculation of current- 
carrying capacity, let us consider the case of a single con¬ 
ductor cable, suspended in free air. In an installation of 
this type the cable creates a “uniform” heat field and its 
current-carrying capacity may be expressed by 


4 


r, - t. 

RthRcu 


' amperes 


( 1 ) 


Ra - 0.00522 /, log.^ + 0.00411 j thermal ohms per foot (2) 
wherein 


dent available in the literature as to which should be us 
calculations were made with both the “envelope” as vl 
as the “total area.” The resulting values of B b have be 
incorporated in table VII and, as can be seen, the vali 
are more consistent when computed on the basis of “to 
area.’’ This can be more readily seen from a studv 
curve E m figure 9. It will be noted that almost all of t 
points he on this curve, even though the points represe 


Ra = thermal resistance of path from conductor to ntnh;»nt a ir 
thermal ohms per foot ' 

p « 500 degrees centigrade per watt per centimeter cube 
D « over-all diameter of cable, inches 
d = diameter over copper conductor, inches 
B ~ thermal surface resistivity of the cable in still air, degrees 
centigrade per watt per centimeter square 

o = maximum permissible operating temperature of conductor 
degrees centigrade ' 

T a “ ambient temperature, degrees centigrade * 

cu = effective conductor resistance at operating temperature, ohms 

Der rnnt * 
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If we now introduce a conduit into this 4 ‘uniform 1 * heat 
field, the latter is distorted and the thermal resistance is 
increased. The amount of this increase, we define as Q, 
or the correction factor made necessary by the introduc¬ 
tion of the cable in a conduit. As a result of the new 
thermal resistance, equation 2 now becomes: 

J) ZJ 

Rth «* 0.00522 p log e — + 0.00411 — + Q thermal ohms per foot (3) 
or 

Rth = Rth + Q thermal ohms per foot 

The derivation of the values of Q for any given set of 
installation conditions, may be experimentally determined 
by measurements made on an actual setup of cables in 
conduit, as follows: 

From equation 1 

BRcuRth ~ T^a 

substituting the new value of R th from equation 3, we have 

PR* (0.00522 p log. f + 0.00411 f + Q) = T 0 - T a 
a D 

and 

Q - - ~ ^0.00522 p log. j + 0.00411 |) 

The values of T 0 , T a > /, R mi D } and d are all obtained 
from actual measurements and B is taken from the stand¬ 
ard curve. Experimental determinations conducted in this 
manner, indicate that for a given size of conduit containing 
a given number of cables, the conduit correction factor Q 
is independent of cable diameter. Values of Q based on 
the data obtained during the NEMA investigation, will 
be found in table VIII. 

The conduit correction factor Q makes it unnecessary to 
use the value of B c (thermal surface resistivity of the con¬ 
duit) in the formula for R thi since Q contains the elements 
from which B c would ordinarily be calculated. 


Formulae for 

Ctirrent-Carrying Capacity Calculation 

The formulae for current-carrying capacity and thermal 
resistance of one, two, and three, single- or multiconductor 
cables installed in conduit, are: 

r _ 3 o - T m 
1 If l'p p ' amperes 
i n Kcu&th 

and 

0.0052 2pG, , 0.0041IB 

Rth — -1---+ Q thermal ohms per foot of cable 

it D 

wherein 

To = maximum safe operating temperature, degrees centigrade. 

For Code-grade rubber insulation, T u = 50 degrees centigrade. 
T a ~ ambient temperature, degrees centigrade. For building in¬ 
stallations T a = 30 degrees centigrade. 
n =» number of conductors in a cable. 

R cu — effective resistance of copper conductor, ohms per foot. For 
d-c resistance use values given in National Bureau of 
Standards Circular 31, for 100 per cent IACS conductivity 
and corrected to proper operating temperature. For a-c/d-c 
resistance ratio, use values in table IX. 
p = thermal resistivity, degrees centigrade per watt per centi¬ 
meter cube. For rubber insulation » 500. For tape or braid 
over rubber insulation use same value. 

G\ = geometric factor to be taken from Simmons 18 or Underground 
Systems Reference Book, 1 page 297. In computing the 
geometric factor consider the tape and/or braid on single con¬ 
ductor cables, and tape of individual conductors of multicon¬ 
ductor cables, as part of the insulation. Tape and braid over 
assembled conductors are to be considered as belt insulation. 
B = thermal surface resistivity, degrees centigrade per watt per 
centimeter square. For braid, lead and other coverings, use 
values from curve C in figure 9. The value of B can also be 
determined as follows: 

For diameters below 1.75 inches: B - 314/7 + 660 

For diameters 1.75 inches and larger: B — 1,200 

D = over-all diameter of cable, inches. 

Q « conduit correction factor. Values to be taken from table 
VIII. The respective conduit sizes to be in accordance with the 
National Electrical Code. 


Table IX. A-C/D-C Resistance Ratio 


Ambient Temperature 


A-C/D-C Resistance Ratio 

Conductor Multiconductor Cable 


Size 
(Awg or 

Mem) 

Single Conductor 
Cable in Air or Separate 
Nonmetallic Conduit 

or Two or Three 
Single-Conductor 
Cables in Same Conduit 



__1.00 ..... 

.1.00 

2 and 1. 


.1.00 . 


1/0. 


.....1.00 . 


2/0. 


.1.00 . 

.1.03 

3/0.. 

. 

.1.00. 


4/0. 


.....1.00 ......... 


250. 


.1.005. 

.. 1 06 

300. 


.,..1.006. 

.1.07 

350. 


.1.009.... 

.1.08 

400. 


.1.011.... 

.. 1.10 

500. 


.1.018... 



600.1.025......1,16 

700....1.034. ...1,19 

750.1.039.,... 1.21 

800......1,044..... 

1,000...............1.067........ 

1.250.. ....1.102... 

1.500.. ...'. 4 .1.142...... 

1,750.1.185..... 

2,000... .1.233......... 


Under the formula for current-carrying capacity, we 
listed T a = 30 degrees centigrade. Our investigation in¬ 
dicates that 30 degrees centigrade (86 degrees Fahrenheit) is 
a fair average ambient temperature for indoor installations 
in general and, accordingly, this value has been chosen 
by NEMA as standard for all future calculations of interior 
wiring problems. There may, of course, be conditions of 
installation where it is definitely known that the tempera¬ 
ture of the surroundings is other than 30 degrees centi¬ 
grade, in which case the correction factors given in table 
X should be applied to the standard values computed on 
the basis of a 30 degrees centigrade ambient. 

Cable Ratings Based on NEMA Investigation 

In table I given in the earlier part of the paper, an 
attempt was made to bring together under one tabulation, 
all of the principal tables of current carrying capacity for 
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rubber insulated conductors from 1889 to 1937. Included 
in that tabulation, were excerpts from the present IEE 
wiring rules 21 issued in 1934, and attention is directed to 
the fact that the latter have recognized the distinction 
between a-c and d-c current ratings, especially in the case 
of the larger conductors. It is also of interest to note that 
in contrast to our own code ratings, the IEE wiring rules 
provide ratings for various conductor groupings or con¬ 
ductor assemblies, and that these ratings are based on a 
definite ambient temperature and a definite maximum 
permissible temperature rise, a practice which conforms 
to the best universal engineering thought on the subject. 
Even in 1903, the IEE 18 made a distinction between high 
and normal ambients. 

In table XI, we have tabulated some cable ratings, 
based on the factors established by the NEMA investiga¬ 
tion, for a single cable in air, and three cables in iron con¬ 
duit. The calculations were made both for a-c, as well 
as d-c, loadings. For comparative purposes, we have also 
included in this tabulation, the corresponding ratings 
taken from the 1937 edition of The National Electrical 
Code. 28 It may be of interest to compare the respective 
ratings for number 4/0 Awg cable. For three 4/0 Awg 
single cables in iron conduit, canying alternating current, 
the data indicates approximately 160 amperes as com¬ 
pared to 225 amperes permitted by the Code. Under these 
conditions of installation, three 4/0 Awg cables, carrying 
225 amperes per cable, would actually achieve a 
temperature at the surface of the conductor of approxi¬ 
mately 66 degrees centigrade. 


the revision of existing current-carrying capacity tables 
for other types of insulated cables as well. 
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Table XI. Cable Ratings Based on NEMA Investigation 


Current-Carrying Capacity In Amperes 

Based on Constants From NEMA Investigation 

Conductor Alternating Current Direct Current 

Size — -- —- 1937 

(Awg One Three One Three National 

or Cable Cables Cable Cables Electrical 

Mem) in Air in Conduit in Air in Conduit Code 


14... 

.... 20.... 

.... 15.... 

.... 20... 

.... 16... 

.... 16 

12... 

.... 26.... 

.... 19.... 

... 26... 

-* 19, 

20 

10. .. 

.... 34.... 

... 26.... 

... 34... 

... 26. / 

.... 25 

8... 

.... 48.... 

... 35_ 

... 48 . 

35 


6... 

.... 66.... 

... 47.... 

... 66... 

.!. 47.1!. 

.... 50 

4... 

.... 88..,. 

... 61.... 

... 88... 

... 61.... 

.... 70 

2... 

....118.... 

... 78.... 

...118... 

... 79..,. 

.... 90 

1/0... 

....160.... 

...105.... 

...160... 

...106.... 

....125 

2/0... 

....185..., 

...119.... 

...185... 

... 121 .... 

....150 

3/0... 

....215.... 

...141.... 

.. .215... 

...144.... 

....175 

4/0... 

....249.... 

...160..., 

...249... 

...164.... 

....225 

500... 

....430.... 

...267.... 

...433... 

...284.... 

....400 

800... 

...,671.... 

...345_ 

...584... 

...384.... 

....550 

1,000... 

....653.... 


...675... 


....650 


S?I*, ca l c ? a i ion8 based u P° n conduit sizes recommended by 
the National Electrical Code. 


Conclusions 

The factors established in this investigation are equally 
applicable to varnished cambric, and impregnated paper- 
insulated cables, as well as to rubber-insulated cables. 
The formulae are applicable, not only to Code-grade rub¬ 
ber insulations, but to all other grades as well, the im¬ 
portant point being to have d efinit e knowledge concerning 
the ma xi m u m permissible operating temperature of the 
particular insulation in question. 


publish these results: to Mr. E. D. Youmans, 
of the NEMA building wire technical committee: to the 
members of the technical committee of the Rubber Cov¬ 
ered Building Wire Section and the Rubber and Varnished 
Cambric Power Cable Sections of NEMA, for their very 
kind criticisms and many helpful suggestions: to all of 
these and many others who may have contributed to the 
completion of this investigation, the author wishes to con¬ 
vey his sincere gratitude. 


It is the author's hope that the results of this investiga¬ 
tion will not only be reflected in a revision of future Code 
ratings for rubber-insulated cables, but that the factors 
established by this investigation will be used by others for 


TaUe X Correction Factors for Change in Ambient Tern- 
perature Based on Maximum Operating Temperature of 50 
Degrees Centigrade 


Ambient 

Temperature 
(Degrees Centigrade) 

Correction 

Factor 

10..... 

20.. .. 


30... . 


40. . 




Code-grade rubbtt” haWng'ii 1U insulatto ” s other than 

be used. * a higher peraussible operating temperature, should 
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Discussions 

R f f A,E ^. Techm ' cal Pa P«« Published 
Before Discussions Were Available 

O™ ^ nd th . e followin S 2 pages appear all re- 
f 1 ! 0 ® ( ^ scuss ^ ons submitted for publication, and 
approved by the technical committees, on papers pre- 

the AIEE Pacific Coast convention, Spokane, 
M i p Ug “ St ^cptember 3, 1937; and at the AIEE 
13-1?^^™ er ” Dl ! tnCt meetin S» Akron, Ohio, October 

submkted 37 ' •n't Ut ! K>rS ’ closures * where ^ey have been 
submitted, will be found at the end of the discussion on 
their respective papers. 

Regulation of 
Grid-Controlled Rectifier 

Discussion and authors' closure of a paper bv L A kilaa» ..j i u 

sentedt'rtrald" th * S * p ‘* n ! b « r , f >«««, Pages 1134-40, s^d pre-' 

Eastern District I'^ A e J? L d,oni “ **»<>» of the AIEE Middle 
Eastern District meeting, Akron, Ohio, October 14 , 1937 . 


If grid delay is used in circuits having interphase transformers 
there arises the question as to the proper distribution of average 
current between the two halves of the interphase winding at loads 
plater than critical, say full load. The grid control is responsible 
in large measure for the average voltage output of each of the anode 
groups (double-three-phase circuit). Unlike conditions without 
gnds, any unbalance of these voltages caused by grid control will 
greatly affect the average current distribution in the interphase 
smce inductance is powerless to limit the flow of average current! 
Since the paper implies the use of interphase transformers with grid 
control it would be very important to know the average current 
distribution in the two halves of the interphase, at various loads, 
particularly from half load to full load and overload, for various delay 
angles ( a ). Have the authors any information on the interphase 
current distribution, at least at full load, and at one or more typical 
grid delay angles? The distribution is important commercially in 
•.that input current harmonics, output voltage harmonics, and limit 
of load by heating of transformer and rectifier may be affected 
For example, a three-phase rectifier has a second harmonic of input 
current which will be introduced by the unbalance of a double-three- 
phase circuit. 


B. H. Reid (General Electric Company, Schenectady, N. Y)- 
Messrs. Kilgore and Cox have given a very interesting paper on regu¬ 
lation of grid controlled rectifiers. In regard to the effect of grid 
characteristics on regulation, I would like to say that it is our ex 
penence that most practical commercial designs have what we call a 
positive characteristic throughout the guaranteed load range That 
is, the potential applied to the grid must be positive with 
respect to cathode before the anode will fire. Z g Te 

wouMbesmaff °* **** characteristic on regulation we believe 

I would like to add that by a simple manipulation of a few watts 
of grid control power the regulation of a grid controlled rectifier may 
be corrected or changed almost at will. 

I would like to suggest that some indication of magnitudes on fig¬ 
ure 6 would be of interest. I assume that cathode potential is re¬ 
ferred to as 0 potential in this diagram. 


L. A. Kilgore: Mr. Goodhue asks the cause of the curvature of the 

ZTX Tl r™* 0 * t0 be applied for reactance. It is 
toie that the drop m voltage due to commutating reactance is pro¬ 
portional to the total reactance. However, the increase in the sme- 
wave voltage for a given primary voltage is not proportional, since 

the reactive drop adds vectorially. This causes the source vXge 

to increase more than proportionally, which is offset by a propor¬ 
tional reduction; hence, the net correction to regulation 
less than proportionally. increases 

on Mr ’ Reid ha ? ®sked concerning the scale of figure 6. This is about 
volts pm- division and the voltages are measured relative to the 
cathode. It is true that if the grid characteristics are positive 
ttu-oughout the range, they will make very little difference on the 
P .. P Provided several hundred volt impulses are used on the 
S ® ow 7 er ' f he au th°rs do not consider that this is essential 
op^at?g"an g e e n CS *° t0 ° ° e * ative the 


W. M. Goodhue (Harvard University, Cambridge, Mass): The 
authors should be commended for quantitative study of abnormal 
regulation in grid-controlled rectifiers, particularly where system 
reactance, or smoothing deficiency at light load are involved. 

In figure 2 are shown rectifier characteristics for the increase in 
regulation due to system reactance, and most of these characteristics 
show a high degree of curvature. Usually, rectifier regulation char¬ 
acteristics are essentially straight lines, such as those in figure I 
The authors do not give any physical explanation of this curvature 
Such an explanation would be very helpful to the writer particularly 
in his understanding of other factors along these lines. 

Is it possible that the assumption on page 1135 of “fundamental 
frequency voltage B, at the primary terminals may be taken equal 
to the root-mean-square value” is the cause of the curvature? It 
would be expected that the effect of system reactance is to increase 
the "source" voltage linearly at the same time that the regulation is 
linearly increased. This is because the effect of reactance is to in 
troduce large harmonic voltage drops, in addition to ordinary phase 
lag and sine wave drops. Without taking the time to analyze thor¬ 
oughly the problem, I would expect such a method, when employed 
with only two anodes involved in commutation, to be useful onlv in 
the straight line portions of the curves. 

The discussion of light load voltage rise on pages 1136-7 taking- 
grid delay and interphase into account, is very clear and provides a 
useful graphical method. 
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Empirical Method of Calculating Corona 
Loss From High-Voltage Transmission Lines 

PEH'f? a f d au ‘ bo, * I ’ cl °* ur * of a paper by Joieph H. Carroll and 
R .°?r Wel1 P ,“ bl,$l,ed *" ** Ma * 1937 Page. 

JJSS T ? f f r °1 # diseuKion * Power transmission and 
£££^£■,.1™.*“ p “"" c “* • *»-»•. 


p‘ w !f rr ^ eg ° n State Corvallis): The paper by Mrs. 

ockwell and Doctor Carroll is interesting and valuable in that it 
summmmes a great deal of corona loss information, which has been 

° *f“ ed ° ver a l °ng Period of time, and makes it available in a gen- 
etal way for future application. 

The problem is an old one and has been attacked by a great manv 

/™ laS which •*»* reasonably accurate data for 
losses of the order of five to ten kw per mile of three-phase line were 
developed by F. W. Peek, Jr., and his associates over 20 years a£, 

wh.VWiU ^ tl 111 ® t0d f y ’ however * is t0 be able to .design a iL 
St?" be kn ? wn t0 have oal y a very small amount of corona 
loss under normal operating conditions. The data contained in this 

Pap6r J°y tbe , on e-kw-per-miIe condition ate very valuable and are 

Tt l°uT e aCCUratdy by calculatio11 from any existing formula. 
It win become increasingly desirable that we reduce corona losses 
from transmission lines to values even less than one kw per mile, 
and there is need for an accumulation of data showing the practical 
starting point of corona on the various sizes and types of conductors 
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used in modem transmission line practice. I realize that the starting 
point of corona is a very indefinite thing and that we should specify 
some definite loss as indicating the starting point. The figure of 
100 watts per mile of three-phase line might be sufficiently close 
to the actual starting point to be satisfactory for most applications. 

From the standpoint of the power saved, the reduction of losses 
below a few kw per mile is not especially justifiable, but the problem 
of interference with radio reception, particularly on the short-wave 
bands, is becoming increasingly acute. Information is not available 
on the magnitude and coverage of interference created by corona loss 
of different power values from transmission circuits, but observa¬ 
tion has shown that a degree of loss which is economically satisfac¬ 
tory produces a great deal of interference which blankets a fairly 
wide area in the short-wave radio communication bands. 

An interesting case is that of the Pitt River lines of the Pacific 
Gas and Electric Company in Northern California. The Seattle- 
San Diego Airway crosses this line several miles south of Mt. Sbasta 
and parallels it at some distance for a number of miles. At altitudes 
as great as 14,000 feet a considerable amount of interference is 
created by this line in the short-wave radio receivers of the transport 
planes. This interference is not ordinarily so great as to render 
normal communication ineffective, but it is nevertheless disturbing. 


corona starting point to avoid interference. If this rule were 
adopted it would cause the cost of lines to jump appreciably, as the 
economic balance-point appears to be such as to permit a loss 
amounting to several kilowatts a mile. The pronounced flattening 
of the corona curves at the lower end indicates that the size con¬ 
ductor for a given voltage would have to be very markedly increased 
to avoid the chance of one or two brushes appearing per span, es¬ 
pecially in foggy weather. Perhaps it will be found that if brushes 
from hardware, etc., are eliminated, these one or two brushes on the 
conductor itself will do little or no harm. 

In designing the 220-kv lines for transmitting power from Boulder 
Dam to the pumping plants along the aqueduct of the Metropolitan 
Water District of Southern California, with which the writer was 
associated, it was found economic to permit quite a bit of corona 
on the lines. Since these lines passed through desert territory the 
radio interference problem did not seem of importance. Neverthe¬ 
less, the conductor diameter was selected large enough to limit the 
corona to quite low values, just to be on the safe side. The matter of 
airways communication was not thought of at the time, but perhaps 
from this standpoint, the conservative design in the matter of corona 
will prove a good thing. 


This line is, of course, a rather old one and was designed to operate 
in a small amount of corona. It would be interesting to know just 
how much loss per mile is occurring from that particular transmission 
line in the vicinity of the’ airway crossing. 

Present-day conductor design has advanced to the point where it 
is economically feasible to reduce corona losses to zero, dr nearly so, 
for all normal operating conditions and it is felt that all future lines 
should be designed with the objective in view of reducing corona loss 
to an absolute minimum. The industry would be greatly benefited 
by the publication of a carefully compiled set of data showing the 
initial corona points for practical transmission line conductors under 
different conditions of altitude and atmospheric temperature. 


M. M. Rockwell: Professor Starr's discussion hits the nail squarely 
on the head in stating that economic considerations are not the only 
ones to be taken into account in determining how much corona loss 
is permissible on a line. The matter of radio interference is un¬ 
doubtedly of importance too, especially where the line traverses 
populous territory. 

I should like to speak a word of caution, however, against tatang 
even the radio angle too seriously. To begin with, the Pitt River 
line which Professor Starr cites as disturbing airways communication, 
is made up of rope-lay cable and is known to be operating with much 
heavier corona than is permitted on any lines of more recent design. 
In the second place, much or all of the disturbance commonly at¬ 
tributed to corona on so-called noisy lines is actually caused by co¬ 
rona on sharp-edged hardware and fittings, not on the conductor it¬ 
self. This has been verified by examinations made in the dead of 
night on various Southern California high-voltage lines operating 
at high altitudes. These lines were very noisy and caused appre¬ 
ciable interference on car radios, yet examination showed no corona 
whatever on the conductors themselves, but copious brushes from the 
suspension clamps, vibration dampers, and occasionally the splices. 
Hence it would be well to eliminate these sources of trouble before 
turning too much suspicion on the conductor itself. In act, ve 
heard my colleague. Doctor Carroll, state that he once made radio 
interference studies in the high-voltage laboratory at Stanford, m 
which the conductors were allowed to go into copious corona, yet 
little or no interference could be detected in the radio set. At the 
same time, if brushes were allowed to form on the hardware or in¬ 
sulators, interference resulted. Apparently the inductive-capacitive 
circuit conditions necessary for setting up radio waves were not 
present in simple corona from line conductors, and only occurred 
where small gaps between fittings, etc . were broken down. °f 
course, 1 do not know whether this analysis extended tothe ultra- 
short waves now used in radio work. In any event Ih^evethata 
good deal of careful experimentation on radio mterf«rence_ 
corona from the conductor itself should be earned on bdbnjpm 
to the conclusion that conductors should be operated below th 


Present-Day and Probable Future 
Electrical Applications in Aircraft 

Discussion and author's closure of a paper by W. V. Boughton published 
in the August 1937 issue, pages 959-63, and presented for oral dis¬ 
cussion at the selected subjects session of the AIEE Pacific Coast Con¬ 
vention, Spokane, Wash., August 31,1937. 

E. C. Starr (Oregon State College, Corvallis): It is interesting to note 
how completely the modem aircraft are becoming electrified. In 
the past it has been possible to employ storage-battery and low- * 
voltage systems quite satisfactorily in most transport work but, as 
indicated by Mr. Boughton, we will soon be compelled to go to 
higher voltages and much greater power capacities. He indicates 
that alternating current of a frequency probably between 360 and 
800 cycles will be employed. There is some question as to whether 
single- or three-phase supply will be chosen. It is true that poly¬ 
phase motors have an advantage over single phase but for frequen¬ 
cies as great as 800 cycles the single-phase capacitor motor should 
be almost ideal. It would be light in weight since it would require 
only a small amount of iron and copper, and modem high-capaci¬ 
tance capacitors are available in very small sizes. The simplicity 
of the single-phase system, together with the efficiency of capacitor 
motors, should be given careful consideration in the final choice. 

The higher power frequencies employed in connection with the 
radio equipment will make necessary more careful filtering and 
shielding than is employed at present to prevent undesirable speech 
interference. This problem, however, should not be at all difficult. 

It is interesting to note here that in addition to the regular elec¬ 
trical equipment which one might expect to find on all large trans¬ 
port planes, we may soon have rather complex rain- and snow-static 
discharging devices. Intense radio interference produced by certain 
storm conditions makes the development of such equipment desir¬ 
able. Storm-static research during the past few months has clarified 
the problem and indicated the necessary developments. 

W. V. Boughton: Motor applications in aircraft are rapidly increas¬ 
ing, and the use of motors as large as ten horsepower is quite prob¬ 
able. It is rather doubtful whether the use of single-phase capacitor 
motors would be desirable for these sizes. Three-phase supply 
presents no serious distribution problems and does present advan¬ 
tages when synchronization of two or more generating units is con¬ 
sidered. • . 

The saving in weight of motors at 800 cycles over 400 cycles is 
extremely doubtful when the capacitor weight and reduction gearing 
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is considered. In many cases mechanical limitations in manufac¬ 
turing may prevent taking full advantage of the theoretical weight 
saving at 800 cycles. 

The problem of radio interference from the higher power frequen¬ 
cies has been studied by the radio manufacturers and can be readily 
solved. 


Extension of 2-Reaction Theory 

to Multiphase Synchronous Machines 

Discussion and author's closure of a paper by Y. H. Ku published in the 
September 1937 issue, pages 1197-1201. 

R* H. Park (The Calco Chemical Company, Inc., Bound Brook, 
N. J.): It may be desirable, in connection with this paper, to point 
out that the assumption that all space harmonics are zero and further 
that the mutual slot leakage reactance is space fundamentally dis¬ 
tributed departs from the assumptions of reference 11 of the paper 
wherein it was merely assumed that "as far as concerns effects de¬ 
pending on the position of the rotor, each armature winding is sinu¬ 
soidally distributed. 

On the basis of the latter assumption /S in equation 3 of appendix 
I would be regarded as merely the space fundamental component of 
air gap flux and the total linkages in phase a would be computed as 
Pa(P) + PaQ) where by symmetry 

PaQ) = - *J<r4 + Xmapih + 4) 4- Xmac (4 + 4-i) + 

x mad (4 +4-2) +. 

and the- x m ’s are suitable mutual coefficients which may be either 
positive or negative, but which take into account the detail nature 
of the slot mutual and harmonic air gap fluxes, which are merely as¬ 
sumed to be unaffected by rotor position. 

But for a three-phase machine we have in general, with balanced 
terminal connections, under transient as well as steady conditions, 
e a = e a, \f/ a ~ xpa, i a = i a where e, ip, and i are instantaneous space 
vectors and a is a unit space vector representing the position of any 
phase a. 

Evidently we may tentatively assume that the same type of re¬ 
lationship holds generally for a multiphase machine. On this as¬ 
sumption and if the number of phases n is equal to or greater than 
three, it would follow from equation 6 of reference 11, after making 
the necessary changes in notation that if <f> is the angle between t 
and a and 6 — <p + 0 O , 0 O = 360 [n that i a = cos <p, 4 ~J (cos <f> — 0 O ), 
etc., 

— h cos e — I t sin 6 — (x^ + x m + — y i cos <f> - 

~ 2 '^ ? cos (4> + 2<fo) 

where 

x m - —2{x mal cos 4+ Xmac COS 20 o + . .-) 

a result which may be seen to be independent of n. 

But as this is the same form as the corresponding equation for a 


three-phase machine it will be apparent that the validity of the 
tentative assumption stated, namely, that the space vectors e, \p t 
and i which correspond to the behavior of a three-phase machine do in 
fact represent the vector form of the solution for any machine of 
three or more phases under any balanced terminal conditions 
whether transient or not, has been demonstrated. 

But under balanced load conditions a two-phase machine would 
behave in the same way as a four-phase machine, in view of sym¬ 
metry conditions. 

Hence we may conclude that any solution of the equations of a 
three-phase machine under balanced load conditions may properly 
be thought of as automatically constituting a solution for a machine 
of any number of phases in excess of one. 


Y. H. Ku: The author appreciates very much the discussion of Mr. 
R. H. Park regarding the assumptions in appendix I. Though the 
armature-reaction linkages are free from space harmonics as given 
by equation 4, the simplification that the mutual slot leakage re¬ 
actance is space fundamentally distributed is not necessary, as 
rightly pointed out by Mr. Park. So, in general, equation 5 may be 
written as follows: 

Pa ® PaU3) + Pa(i) 

where p A (p) is given by equation 4 in appendix I and 

Pa(D = “ X Z<r i A — [XmAB^B + X mAC i C .-f- X mAN i K ) 

From symmetry, x nAB = x mAN , and similarly for others. These 
x m ’s are mutual coefficients which take into account the detail na¬ 
ture of the slot mutual and harmonic air gap fluxes. 

Under balanced conditions, there are 

i A cos t, i B cosetc. 

where 0 O ** 2 x /n and n is the number of phases. 

Substituting these current expressions, we get 

Pa(1) — —[Xea- + X mAB COS 0 O + X mAC COS 20 o + 

.+ X mAN cos 0 O ] cos t 

Notice that the above expression holds for any number of phases, 
even or odd. For n odd, it can be easily seen that the sin t terms 
cancel each other on account of symmetry. For n even, however, 
we have a mutual term involving cos [t-(n/2) 0 O ] which can be 
expanded into [cos t cos (n/2) 0 O + sin t sin («/2) 0 O ]. Now since 
0 O = 2 tt/w, sin (n/2), 6 0 is zero, and hence there will be no sin t terms. 
Equation 6 of appendix I can then be rewritten as 

Pa | ~xi<r + X m + —y pg j - cos t ~ ~ cos (t + 2t 0 ) 

where 

Xm = X mAB COS 00 + X mAC cos 20o +. -j- X mAN COS 00 

With this new expression of x m , equations 7 and 8 are also extended 
to the more general form. However, xo in equation 9 should be 
changed to the following: 

= Xl<r + X mAB + X mAC +.+ X mAN 
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Sharp Cutoff in Vacuum Tubes, With Applications to the 

Slide-Back Voltmeter 

By C. B. AIKEN L. C. BIRDSALL 

MEMBER AIEE ENROLLED STUDENT AIEE 


Synopsis: That the current-voltage characteristics of vacuum 
tubes obey an exponential law near cutoff is pointed out. The 
larger the coefficient k appearing in the exponent, the steeper 
will be the current-voltage curve, and the better suited the tube 
will be for use in a slide-back voltmeter. The problem of obtaining 
high values of k is considered, and a simple theory of rectification 
by an exponential conductor is given. The error inherent in 
slide-back voltmeters of the ordinary type is discussed, and a 
correction factor applicable to sine waves is derived. The circuit 
of a slide-back vacuum-tube voltmeter which includes means for 
measuring the k of the tube is shown. 


W HEN a high-vacuum tube is used as a small- 
voltage rectifier, or as a threshold indicator, it is 
usually desirable that the current-voltage curve 
have as abrupt a cutoff as possible. In many cases a 
sharp angle at the foot of the characteristic would be 
valuable, but, since this cannot be realized in a high- 
vacuum device, we must be content with obtaining a rapid 
rise in current as the control voltage is increased in the 
positive direction. 

Despite the fact that many very satisfactory forms of 
dir ect-rea din g vacuum-tube voltmeters have been de¬ 
veloped during the last few years, the slide-back 1,2 type is 
still an extremely useful instrument. In this type, a 
triode, or multielectrode tube, is biased almost to cutoff, 
and the rea din g of a d-c voltmeter which indicates the bias 
is noted. The signal to be measured is then applied to 
the grid in series with the bias voltage, and the bias is in¬ 
creased until the cutoff point is again reached. The dif¬ 
ference in the two readings of the d-c voltmeter equals the 
peak value of the alternating voltage under measurement. 
The simplicity of this instrument, together with the fact 
that an accurate d-c voltmeter may be used to measure 
a-c peak voltages, makes it the most suitable device for 
many applications. Moreover, it is easily built and ma¬ 
nipulated by men who have had no experience with vac¬ 
uum tube circuits. 

However, the slide-back voltmeter will give accurate 
results only if the voltage under measurement is reason- 

Paper number 37-91, recommended by the AIEE joint subcommittee on elec¬ 
tronics and presented at the AIEE winter convention, New York, N. Y-, January 
24 - 28 , 1938 . Manuscript submitted July 26 , 1937 ; made available for pre¬ 
printing January 3 , 1938 . 

C. B. Aikbn is associate professor of electrical engineering in charge of com¬ 
munication at Purdue University, Lafayette, Ind., L. C. Birdsall, a former 
student at the university, is an engineer with the Automatic Electric Company, 
Chicago, Ill. 

1. For all numbered references, see list at end of paper. 


ably large. When taking a reading with it, we must allow 
the peak of the impressed alternating voltage to swing 
past cutoff by an amount sufficient to produce a detect¬ 
able current in the plate circuit of the tube. Just how 
much past cutoff this is is not ordinarily known, and con¬ 
sequently an uncertainty is introduced into the reading. 
If the potential under measurement is only a few volts, a 
considerable error may result. 

In this paper, a study is made of the conditions which 
lead to the most rapid rise of the plate current versus grid 
voltage characteristic of a vacuum tube, and the results 
are applied to the operation of a slide-back voltmeter. 
The error involved in the measurement of small voltages 
is discussed, and a correction factor is derived which makes 
it possible to obtain accurate measurements of sinusoidal 
waves having peak values of as little as half a volt. 


Form of Current-Voltage Curves 


At very low currents, the theoretical equation of a diode 
is given by 3 
~ev 

I = I g e KT (1) 


in which V is the voltage between the electrodes, I s is the 
saturation current, T is the absolute temperature, e is the 
charge of an electron = — 1.59 X 10” 19 coulombs, and K 
is Boltzmann’s constant = 1.37 X 10 ” 23 joules per degree. 
Actually, the grid current-grid voltage characteristic of 
commercial high-vacuum tubes is found to be exponential 
in form over a limited range. 

Let the coefficient of V be represented by k. Then, 
putting in the numerical values quoted, there results 


-e _ 11,600 
* ~KT~ T 


( 2 ) 


Then 

I - I a £ v (3) 


We may evaluate k experimentally at any given tempera¬ 
ture. Its value for the grid voltage-grid current curve of 
average receiving tubes lies between 5 and 11, and the ex¬ 
ponential law holds over a range of about 0.6 volts. 

The quantity I s is of no great interest to us here, since 
the factor which multiplies the exponential term in the 
current equation can be varied at will by adjusting the bias 
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voltage. Thus, if we apply a bias - F 0 and a variable volt¬ 
age v, (3) gives 

I ■= I s e kv ^ = Gt* v ^ 

G being a new constant. Evidently, it is k, and not /„ 
which, from a circuit-theory standpoint, is an important 
parameter of a given tube. 

In the case of a multielectrode tube, there is, of course, 
no necessary relation between the plate current-grid volt¬ 
age characteristic and the curve defined by (1), since the 
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Figure t. Curves 
of plate current 
versus screen-grid 
voltage for a type 
77 tube 

It is to be noted that 
plate volta3e has 
only a small effect 
on the slope of these 
curves 


Strictly speaking, an exponential characteristic has no 
cutoff point, since the curve approaches the voltage axis 
asymptotically. In practice, however, the plate current 
is regarded as being cut off when it is reduced to so small a 
value that it can no longer be read on the plate-circuit 
microammeter. As the control element is made less nega¬ 
tive, the meter will finally show a reading, which will then 
increase, as the control voltage is further changed, with a 
rapidity that is determined by the constant k of (3). 
The larger k is, the more abrupt is the rise of current, and 
hence the more satisfactory the tube will be for use in a 
slide-back voltmeter or similar device. 

The values of k determined graphically from the slopes 
of the curves of figure 1 are marked on them, and it will be 
seen that k is not greatly dependent upon the plate volt¬ 
age. With such steep slopes, the graphical determination 
may easily be m error by several units in the second digit 
and consequently we may say that k is roughly constant 
with respect to plate voltage. 

Effect of Operating Conditions on k 

The curves of figure 1 have shown the small effect of 
changes in plate voltage on k. Figure 3 shows a group of 
curves, taken on another type 77 tube, in which the sup- 


Figure 2. Curves 
of plate current 
versus screen-grid 
voltage for two 
different model 
77 tubes and a 
6D6 


degree of control which the grid exercises upon the electron 
stream is dependent upon a number of different factors. 
However, it is not unreasonable to suppose that, with an 
efficient grid structure allowing very little leakage of lines 
of force around it, the equation for low currents might be 
similar to (1). The most efficient grid structure encoun¬ 
tered in ordinary tubes is that of the screen in a tetrode or 
pentode. We may expect that when the screen is used 
as the control element, a more rapid variation of plate 
current with grid voltage will be obtained near cutoff than 
when the ordinary grid is used. Whether or not the cur¬ 
rent-voltage curve is exponential is best determined by ex¬ 
periment. 

Figure 1 shows semilogarithmic plots which were taken 
of the plate current-screen voltage characteristics of a 
type 77 vacuum tube, the suppressor and control grid be¬ 
ing connected to the cathode. The three curves are for 
widely different values of plate voltage, and it is to be 
seen that an exponential law is obeyed in all three cases. 
Furt hermore, the slope of all the curves is practically the 

Figure 2 shows I v —E„ characteristics of two other type 

77 tubes and one 6D6. The former are exponential up to 

about ten microamperes, and the latter to about five 
microamperes. 



“ 1.4 - 1,2 

E SG -VOLTS 
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pressor voltage is the parameter. Here again an exponen¬ 
tial law is obeyed over the range which was measured. 
The graphically determined values of k are again shown on 
these curves, and it is evident that suppressor voltage 
has no marked effect upon this quantity, although positive 
voltages tend to reduce it somewhat. 

Having established the fact that the current-voltage 
characteristics with which we are dealing are substantially 
exponential at low currents, a better method of measuring 
the quantity k was devised. This was desirable, si nce the 
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graphical determination is both slow and inaccurate. 
The new method involved adjusting the voltage of the 
control element until the plate current read one microam¬ 
pere, and then applying a sine-wave alternating voltage 
from an adjustable potential divider and varying its 
magnitude until the plate current was increased to ex- 
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If k is calculated from (2) for 1,120 degrees absolute, 
which is a typical operating temperature for oxide-coated 
cathodes, 2 a value of 10.37 is obtained. This is a little 
greater than the largest observed value of k, even though 
the latter occurred at a temperature below that of tinr mat 
operation. 

The values of k calculated from (2) for thoriated (2,000 
degrees) and pure tungsten (2,550 degrees) cathodes are 
5.80 and 4.55, respectively. Evidently oxide-cathode 
tubes are to be preferred for use in a slide-back voltmeter. 

It was found that the voltage of number one grid had 



4 -1.6 -0.6 0 

E ss -VOLTS 

Figure 3, Effect of suppressor grid voltage on the plate 
current versus screen-grid voltage curves. Large positive 
voltages tend to reduce the slope 


Type of tube 


79—number 1. o 4 

79—number 2...... 

76—number 1. 26 

76—number 2 .....!!!!!*. *19 

77*—number 1 . . . 2 7 

* Number 1 grid and screen grid connected together as control element. 


Type of tube 


Table II 


24—number 1. g j 

24—number 3.«..!!!...*!!!!.* . 7 7 

35—number 1...!!!!!!!!!!!!! [ I 4 *6 

57— number 1 . *7 *6 

58— number 1.’ * *.g *0 
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actly two microamperes. If E a is the peak value of the 
applied alternating voltage, k is given by 

* - 1.81/E, (S) 

The justification for this relation will be given later on. 

The effect of heater voltage on the k of these same tubes 
was nest studied, with results as shown in figure 4 for five 
different tubes. As the filam ent temperature is reduced, 
k increases, and this is as predicted by (2). However, if 
the filament temperature is dropped far enough, k must 
of course decrease, and would become zero when the emis¬ 
sion Stopped altogether. 
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only a small effect on k over the range of +1.0 to —0.2 
volts. However, negative biases of half a volt or more 

caused a large reduction in this parameter. 

Values of k for Other 

Electrode Arrangements and for Other Tubes 

As might be expected, a screen-grid tube showed a 
smaller value of k when the number one grid was used as 
the control element. This was true even with type 77 
Figure 4. Varia- tubes, which cut off very much more quickly than do those 
tion of It with having variable-mu structures. Thus, values of from 
heater voltage for 2.0 to 2.8 were found for 77’s used in the normal manner, 
five different A number of other tubes were also measured, with the 
screen-grid tubes results shown in table I. In all cases the plate voltage 
was 135 volts and the bias of the control element was 
adjusted to give an initial current of one microampere, 
peak value of the Table II shows the values of k for several screen grid tubes 
y types. The screen was used as the control ele- 

(5) ment “ each case » and the number one grid and suppres- 
. sor, if any, were connected to the cathode. It is evident 

e given later on. from these tables that tubes used with screen control give 

. t T se Same tubes ver r much better values of k than do triodes, or pentodes 
in figure 4 for five used in the normal manner. 

?rature is reduced, From the data which have been presented, it is dear 
(2). However, if that the operating voltages, with the exception of the 
ir enough, k must heater voltage, of a pentode used with screen-grid control 
;ro when the emis- do not greatly affect the value of k. If the heater voltage 
is kept strictly constant, k is reasonably constant. Meas- 
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urements taken at four different times during a period of a 
week, on three different type 77 tubes, showed a maximum 
variation of k with time, for any tube, of less than four 
per cent. 

Rectification by an Exponential Conductor 

If a sinusoidal voltage is applied to a device whose cur¬ 
rent-voltage curve is defined by (4), we have 

j ^ COS^t (g) 

The d-c component of this expression can be shown to be 4 

I = GIo(kE) (7) 

in which I Q (kE) = Jo(\/ — 1 kE). I 0 is the zero-order 
Bessel function of a pure imaginary argument. Values 
of Io are to be found tabulated on pages 277-82 of “Tables 
of Functions,” by Jahnke and Emde, second edition, 1933. 

As has already been explained, G can be adjusted to any 
desired value by means of an appropriate bias voltage. 
When the impressed alternating voltage is zero, Io(kE ) = 
Io(0) = unity. Suppose that the bias is so adjusted that 
G = 1 microampere when there is no impressed voltage 
wave. If, then, an alternating voltage is placed on the 
grid, the current in microamperes will be equal to Io(kE). 
If this impressed wave is adjusted to a value E a) such that 
the d-c plate current is two microamperes, we have 

E(kE a ) ~ 2 (8) 

From the tables we find that I 0 (x) = 2 when x = 1.81. 
Hence, (5) follows immediately. It is to be remembered 
that E a is the peak value of the impressed sinusoidal wave 
of voltage which will change the d-c plate current from an 
initial value of one microampere to twice that value. 

When a sinusoidal voltage is to be measured with a slide- 
back voltmeter, the bias is first adjusted, in the absence of 
impressed voltage, until the plate current has a low, but 
readable value. If the grid bias corresponding to this 
condition is E\, we have 

h = Ge-** 1 (9) 

The alternating voltage is then applied and the bias read¬ 
justed until the original current reading is restored. Then 

II - Ge-^UkE) ( 10 ) 


Table III 


Peak 

Alternating Current f(kE) AE Calculated E Measured 


0.565 . 0.631 . 0.356 . 0.35 

0.848 . 0.724 . 0.613 . 0.60 

1.132 . 0.776 . 0.88 . 0.87 

1.414 . 0.812 . 1.15 . 1.14 

2.83 . 0.890 . 2.52 . 2.51 

4.24 . 0.920 . 3.90 . 3 90 

5.66 . 0.938 . 5.31 . 5.28 

7.07 . 0.950 . 6.72 . 6 71 

8.49 .. 0.957 . 8.13 . 8.11 

0.90 . 0.966 . 9.56 . 9.51 

14.14 . 0.970 . 13.72 . 13.77 

16.98 . 0.973 . 16.53 . 16.53 

21.21 . 0.980 . 20.8 . 20.8 


Let this difference between the two bias voltages 
(£2 — £ 1 ) be A£. Then, equating (9) and (10) we get 


t kAE = I 0 (kE) (11) 

In the ordinary use of this type of voltmeter, it is assumed 
that A£ = £. Actually, this is not the case, and, in order 
to find the magnitude of the error, let us take the ratio of 
the two quantities. (11) gives 

~ = r^; log e /„(*£) = f(kE) (12) 

E kE 

A plot of this ratio as a function of kE is shown in figure 5. 
In making computations for large values of kE , use was 
made of the formula 5 



(13) 


which gives very accurate results for x = 20 and larger 
values. 

This curve shows quite clearly that large errors may be 
made in measuring small voltages, and that these errors 



Figure 5. Ratio of apparent peak voltage AE to the true 
peak voltage E as a function of kE 


are the more serious if a tube with a small k is used. Ac¬ 
tually, triodes have often been employed in slide-back 
voltmeters, and, as is indicated by table I, these tubes 
are likely to have values of k which are one-third to one- 
fourth as great as those which may be obtained with a 
pentode, using the screen as the control element. Thus, if 
we have a k of eight and a peak voltage of seven volts, 
the error in measurement will be five per cent (correspond¬ 
ing to kE = 56), whereas if k is only two, the error for the 
same applied peak voltage will be about 16 per cent. 

A check of the validity of (12) is given by table III. 
In taking data for this table, an a-c source was adjusted 
to 15.0 volts root-mean-square by means of an accurate 
voltmeter, and a potential divider was used to obtain the 
smaller voltages. The value of j(kE) corresponding to 
each peak voltage was determined from the curve of figure 
5, and this, multiplied by the peak voltage, gives the value 
which should result. The measured and calculated 
values are shown in table III. 

The per cent correction is small for the higher voltages, 
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but is quite large for peak values of a few volts or less. 
For the lowest voltage recorded, the error which would be 
made by omitting the correction factor would be 23 per 
cent of the impressed voltage. There is no reason why 
still smaller voltages could not be measured if sufficiently 
sensitive meters were used. When a slide-back voltmeter 
has been set up to measure large voltages, it often turns 
out that small ones must also be dealt with, and it is 
usually inconvenient to provide another voltmeter to 
handle them. The correction factor which has been de¬ 
veloped makes this unnecessary. 

In calculating table III, we have worked backwards 
from a known alternating voltage, and obtained the value 
of AjE which should result. In practice, the alternating 
voltage will be unknown, and a correction must be applied 
to the observed A E. When k has been measured, it is a 
simple matter to plot a curve showing the relation be¬ 
tween the observed A E and the peak value of the sinusoi- 


Figure 6. Cali¬ 
bration curve of 
a slide-back volt¬ 
meter derived 
from the curve of 
figure 5 for a 
value of k ~ 8.2 



dal wave which is being measured, since the value of E 
corresponding to A E can be obtained directly from figure 
5 as soon as k is known. A typical curve of E versus A E 
for k = 8.2 is shown in figure 6. Of course, this correction 
is accurate only if the voltage being measured is reasonably 
sinusoidal. It cannot be applied to nonsinusoidal waves, 
nor can a simple correction factor for measuring such 
waves be derived, for the ratio of A E to the true peak 
voltage would depend upon both the amplitudes and the 
phases of the harmonics, and these are usually unknown. 

Circuit of the Slide-Back Voltmeter 

Figure 7 shows the circuit of a slide-back voltmeter 
which is arranged for making measurements of k, as well 
as of unknown voltages. In order to measure k , the 
switch S is thrown into position 2, and resistance Ri is 
adjusted until the voltage Eo is equal to some reference 
value, say 50 volts peak. This value is determined by 
measurement with the slide-back voltmeter in the follow¬ 
ing manner. With the 60-cycle supply cut off, potenti¬ 
ometer Pz is adjusted until the plate-current meter reads 
some small value, such as one or two microamperes, and 


the reading of voltmeter E c is noted. P 3 is then increased 
by exactly 50 volts, the 60-cycle supply is switched on, 
and Ri is adjusted until the plate current again reads the 
same as before. The voltage across P 2 and P 2 will then 
be 50 volts peak, except for the error inherent in a slide- 
back voltmeter, which we have been discussing in this 
paper. However, if a type-77 pentode tube is used in the 
voltmeter, it will have a value of k not far from 8, and 
hence kE will be about 400, and reference to figure 5 
shows that the error will not be greater than one per cent. 
This can be eliminated if we use an increment in screen 
grid bias of 49.5 volts instead of 50 volts. Having ad- 



Figure 7. Circuit of a slide-back voltmeter with arrangements 
for measuring the value of k 


justed the voltage across R 2 and P 2 to the proper value, 
the switch 5 is next thrown into position 3, and P 2 is ad¬ 
justed until the plate current reads twice the no-signal 
value. Very small currents should, of course, be used. 
The value of k will be inversely proportional to the volt¬ 
age across P 2 , as shown by (5), and consequently the dial 
of P 2 may be calibrated to read k directly. 

When k has been measured, a curve such as that shown 
in figure 6 can be plotted with the help of figure 5, thereby 
calibrating the instrument. An unknown voltage is then 
measured by throwing the switch to position 1, short- 
circuiting the input terminals, and adjusting P 3 until the 
plate current is about one microampere. E c is then in¬ 
creased to a value larger than the peak voltage to be 
measured, and the latter is applied to the input terminals. 
It is important to make E c large enough in order to avoid 
damage to the plate-current meter. Next, P 3 is adjusted 
until the plate current is restored to its original value, 
and the increment in E c is noted. This increment gives 
the peak of the voltage under measurement, by reference 
to the calibration curve. 

Ri is a high resistance of the order of 0.25 to 0.5 megohm, 
which will prevent the grid from going positive if the input 
voltage is accidentally allowed to exceed the bias voltage 
by any large amount. This furnishes some protection to 
the plate-circuit meter, but reasonable care will still be 
required to prevent damage to a sensitive instrument. 

A plate voltage of 150 to 170 volts is satisfactory with 
type-77 tubes. If lower voltages are used, there is danger 
that the tube will draw grid current when a reading of one 
microampere plate-current is obtained, and this would 
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lower the input impedance of the device. Moreover, if 
Ri is in circuit, this would also introduce large errors in the 
measurements. If higher plate voltages are employed 
the maximum plate current which can occur during over¬ 
load is increased, thereby adding unnecessarily to the ease 
with which the plate meter may be injured. 

This voltmeter is simple and accurate, and greatly ex¬ 
tends the range of usefulness of the slide-back type of in¬ 
strument. 
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Discussion 


C. F. Harding (Purdue University, Lafayette, Ind.): The unique 
method, described in this paper, in making possible the measurement 
of crest potentials with the slide-back voltmeter principle not only 
marks another important step in the varied application of standard 
electronic tubes but also provides a simple and fairly accurate de¬ 
vice for determining these rather evasive values. It is readily 


used, in connection with a resistance or capacitance potentiometer, 
for determining the important crest values of sustained wave forms 
in the extra-high-potential laboratory. 

However, this combination with the slide-back voltmeter, re¬ 
quiring as it does two readings for every potential determination, is 
not applicable to steep-front surges nor to nonrepetitive wave 
shapes. It is hoped that, as the result of this study, the electronic 
tube, which seems to be well adapted to such control, may be soon 
adapted to the measurement of the individual crest values of surges 
of the order of one microsecond duration or less with a single reading 
and that ultimately such may be reduced down to cgs units to pro¬ 
vide the much-desired primary standards for extra-high-potential 
measurements. Unfortunately, in spite of the long and careful ex¬ 
perimentation and consideration of the committee on high-voltage 
standards, nothing better than the sphere gap has been developed 
for surge potential measurement. This gap has many disadvan¬ 
tages and, furthermore, is not a primary standard. It is hoped 
that this paper may act as a possible solution and a valuable prog¬ 
ress report looking toward that important selection of such a primary 
standard. 


C. B. Aiken and L. C. Birdsall: As Doctor Harding points out, 
the slide-back voltmeter is not, of course, applicable to nonrepetitive 
wave forms, nor is the correction derived in this paper applicable to 
repeated waves that are markedly nonsinusoidal. However, the 
diode rectifier can undoubtedly be adapted, with the help of auxiliary 
apparatus, to the measurement of transient voltages in which the 
maximum value of dE/dt is not too great, the limit being deter¬ 
mined largely by irreducible stray capacitances in the measuring 
circuits. It would require a special investigation to determine just 
how useful a diode voltmeter can be made for surge measurements, 
but it is believed that an advance over present equipment would be 
possible. In any such investigation, advantage could be taken of 
the exponential nature of the diode characteristic in working out a 
quantitative theory of operation. 
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Interpretation of Oscillograms of Arc-Welding Generators in 

Terms of Welding Performance 


By K. L. HANSEN 

FELLOW A! EE 


I T HAS long been recognized that the transient per¬ 
formance of an arc-welding generator greatly exceeds 
its static performance in importance. By transient 
performance is meant the behavior of the ma chin e during 
the period of readjustment after a disturbance has taken 
place in the external circuit. Unlike most generators, 
an arc-welding generator supplies energy to a load in 
which conditions are continually changing, and the im¬ 
portance of the machine’s ability to respond quickly to 
these rapid variations is obvious. 

In the literature on arc-welding generators can be 
found many discussions on the static, or steady-state 
volt-ampere curve. The static volt-ampere curve is 
obtained by taking readings of voltage and current when 
the external load resistance is varied in suitable steps 
from infinite value on open circuit to approximately zero 
value on short circuit. Sufficient time is taken on each 
step of resistance to allow the current and voltage to 
settle to steady values before readings are taken; in other 
words, it is a characteristic volt-ampere curve for a 
slowly varying resistance only. Many arguments have 
been advanced for a certain shape or a particular degree 
of steepness of the static volt-ampere curve. 

The volt-ampere characteristic of the arc when plotted 
with volts as ordinates and amperes as abscissas is a line 
approximately parallel with the horizontal base line. 
From this it is inferred that a steep volt-ampere char¬ 
acteristic of the welding system, which crosses the arc 
characteristic in such a manner as to make a large angle 
at the intersection, will be conducive to arc stability. 

However, with the possible exception of the constant 
potential welding generator with negligible inductance 
in the arc circuit, the relation between voltage and cur¬ 
rent indicated by the static volt-ampere curve never pre¬ 
vails under actual welding conditions. For that reason 
it is not the steepness of the static volt-ampere curve 
which is the principal factor in determining arc stability, 
but the steepness of the transient or dynamic volt-ampere 
curves. Yet the writer has never observed any discussion 
on the shape or steepness of the much more important 
transient or dynamic volt-ampere curves. 

Figure 1 shows an oscillogram of the arc voltage and 
current which may be considered typical, the generator 
and the covered electrode used both being standard com¬ 
mercial articles. An automatic head was employed to 

Paper number 37-142, recommended by the AIEE committee on electric welding 
and presented at the AIEE winter convention, New York, N. Y., January 24-28, 
1938. Manuscript submitted October 30, 1937; made available for preprinting 
January 3, 1938. 

K. L. Hansen is a consulting engineer for the Harnischfeger Corporation, 
Milwaukee, Wis. 
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feed the electrode. The voltage drops to zero as the drops 
of molten metal short-circuit the arc at more or less 
regular intervals. Whenever the drops short-circuit the 
arc the familiar momentary rise of current can be ob¬ 
served. However, even between drops the current and 
voltage fluctuate continually and never reach steady 
values. The voltage fluctuations are especially pro¬ 
nounced. Unlike the steady resistance load employed 
in taking the static volt-ampere curve, the resistance of 
the welding arc constantly undergoes rapid and wide 
variations. 

When the metal is transferred across the arc in the 
form of fine pellets instead of drops, the periodic reduction 
in the arc voltage may not be so pronounced. But even 
in that case there is a noticeable variation in the arc re¬ 
sistance, as the stream of pellets is apparently not uni¬ 
form but takes place in gushes. It has been generally 
assumed that with a coated weld rod the metal is trans¬ 
ferred in a more finely divided state than when a bare rod 
is used. 

However, the degree of comminution of the molten 
metal appears to depend on the magnitude of the current 
rather than the coating. When using a current which is 



Figure 1. Oscillogram of arc current and voltage; approxi¬ 
mately 200 amperes, 30 volts 


large for the size of the rod the fluctuations of voltage and 
current are greatly minimized with either a coated or a 
bare weld rod. With the current densities usually em¬ 
ployed, the voltage fluctuations are substantially as 
shown in figure 1 and they may be considered typical. 

The current fluctuations attendant upon the short 
circuiting of the arc have been subject to considerable 
discussion. Some maintain that they are detrimental in 
that they increase spatter and lower the deposition ef¬ 
ficiency, and may even cause porosity. Others claim 
that they improve the penetration and are therefore de~ 
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sirable. Although it is im¬ 
probable that the penetration 
* “Proved by these fluctua¬ 
tions, strange as it may seem, 
there is something to be said 
for each of* these contra¬ 
dictory claims. 

It should be understood 
that there are two sources of 
current fluctuation when the 
arc is short circuited. The 
current may increase because 
the permanent short-circuit 
«“ront on the volt-ampere 
characteristic is considerably 
higher than the current at welding voltasre Th* 

by t a ’r iMi 

machine is <* tie 

which is tie Lbiecl of ttifl """ ^ of fllK tuation, 

for tte ,^^ 0n ’“ t-"'ctato, 

the first draft rtf +t, • ® ^ penetration. Since 

- ~ 

statement. 1 However tli«r a 7 en " es this mtuitive 

.a] ZZ2SZ* bT,i‘ 

witti, cwtoin limits or they be^me SZJ* * t ' P ‘ 
«* 01 ” cumnt 

S2EZSJE *SZz*2"- u 

to serve as 7w lor^ST’. ^ ” mt «“ “^PM 
performance of a wddin|gen7tor '1“™' a * t™sient 
pose the test must be of such nature t2tft*pT^ P T 
““ P o»cnW con^ P i ' 


Figure 2. Oscillogram Q ( cur¬ 
rent and voltage on short to load 
test on 200-ampere welding 
generator set at 200 amperes, 
40 volts 

Figure 3 (below). Oscillogram 
of voltage on short to open cir¬ 
cuit test on 200-ampere welding 
generator 
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happens on a test of this kind after, say 0.1 second, is of 
no interest. This test unquestionably has some merit, 
but it is felt that it may be interpreted in a maimer to give 
it greater usefulness than has so far been the case. 

In addition to specifications for current recovery, there 
is at present in existence a specification for voltage re¬ 
covery. It states that when a machine is suddenly open 
circuited from short circuit the time of voltage recovery 
is the time required for the voltage to reach 50 per cent of 
normal open-circuit voltage. Figure 3 shows an oscil¬ 
logram of voltage recovery from short circuit. The test 
itself is valuable and gives more information about the 
transient performance of the machine than the other 
tests discussed, but the definition of voltage recovery 
given above is absolutely valueless. 

It will be observed that the voltage rises quickly to a 
high value, then drops to a comparatively low value, 
from which it gradually recovers to normal. The rapidity 
with which the first rise of voltage takes place depends 
entirely upon the rapidity of the break of the current. 
This is the voltage induced by the rapid change of current 
in an inductance and it will be instantaneous if no arc is 
formed at the break, or if means are employed to blow out 
the arc if one is formed. In general, this voltage rise 
reaches a maximum when the current reaches zero, and 
the time required to reach this maximum is of no value as 
a criterion of performance of the machine, but its magni¬ 
tude is of great importance. The peak value of this first 
voltage rise should always be considerably higher than 
the normal open-circuit voltage, and if the tiW required 
to reach this peak is of no importance, the time required 


to reach 50 per cent of normal can certainly have no 
significance. 

The minimum value to which the voltage drops after 
the first sudden rise is an indication of the b uilding -up 
characteristic of the fields. The higher this value is 
maintained, the faster the fields build up to produce a 
sustained voltage. As before, the gradual increase in 
voltage after this minimum voltage is passed is of little 
significance. It is the magnitudes of the maximum and 
mi nim u m voltages on this test that are of importance. 
They are indications of the machine’s ability to react 
quickly to sudden current changes by virtue of an ap¬ 
preciable amount of inductance in the circuit, and also 
the ability of the field to build up rapidly enough to sus¬ 
tain the voltage after the quick change has taken place. 
It will be shown later how this test, taken in conjunction 
with the previously discussed load test, can be interpreted 
to give a dear picture of the entire transient performance. 

A Prerequisite for Arc Stability 

Experience gained from many years of operation of 
constant-potential welding generators furnishes a due 
to the reason for failure of the current-recovery test de¬ 
scribed above to tell the whole story. On a test of this 
kind the constant potential machine, where the drooping 
volt-ampere curve is produced by inserting resistance in 
series with the arc, will show 100 per cent curr ent re¬ 
covery. It shows no overshoots or under-rides on the 
recovery test. 

Likewise, on the voltage-recovery test, the constant 

potential machine will show 



instant recovery to full open- 
circuit voltage. This, of 
course, is evident. Yet, ex¬ 
perience showed that a variable 
voltage machine in which 
the drooping volt-ampere 
characteristic is produced by 
magnetic means frequently 
performed better on actual 
wdding, even though it has 
considerable overshoots and 
under-rides on the Current- 


Figure 4 (above). Oscillogram 
of current and voltage on short to 
load test on 200-ampere weld¬ 
ing generator set; 60 amperes, 
40 volts 


Figure 5. Oscillogram of volt¬ 
age on short to open test on 
200-ampere welding generator 
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recovery test. Furthermore, experience also showed that 
the operation of the constant potential was 

markedly improved by insertion of a certain amount of 
inductance in the circuit, especially if the volt-ampere 
characteristic is fairly flat. 

Figure 4 shows an oscillogram of a current-recovery 
test on a 200-ampere machine with sufficient resistance in 
the circuit to give it the constant potential characteristic. 
However, it is also supplied with an inductive stabilizer. 
It will be observed that the current drops from the short- 
circuit current to normal with practically no dip. With¬ 
out the inductive stabilizer in the circuit, substantially 
the same current-recovery curve would be obtained. 
However, the insertion of the inductance modifies the 
voltage curve very materially. Without the inductance 
the voltage would rise quickly to normal and stay there. 
With the inductance in the circuit the voltage rises 
rapidly to a value considerably above no rmal before 
settling down. This overshoot of voltage when there 
is a sudden reduction in current is apparently of great 
benefit in stabilizing the arc. 

Similar phenomena will also be observed oh the voltage 
recovery test on the same machine shown in figure 5. 
Without the inductance the voltage would rise to the 
normal open-circuit voltage without overshoot. With 
the inductance, a higher voltage peak is obtained. 

These observations merely verify the familiar fact that 
the more electromagnetic energy there is stored in an 
electric circuit, the greater is the tendency to establish 
an arc when the circuit is broken. When a drop of metal 
forms a short circuit the arc is extinguished and the high 
instantaneous voltage induced when there is a sudden 
reduction in current is a direct measure of the tendency 
to re-establish the arc upon the reopening of the arc gap. 
The min imum sustained voltage is a measure of the ten¬ 
dency to maintain the arc once it has been established. 



flgu'e 6. Oscillogram of voltage on short to load test on 
400-ampere welding generator set at 400 amperes, 40 volts 


arc stability. On the other hand, when the drooping 
volt-ampere characteristic was produced by reactance in 
either primary or secondary circuit, the arc stability was 
greatly enhanced. 

With resistance in the circuit, the power factor is high, 
and the secondary voltage and current rise and fall 
practically in unison. When the current passes through 
the zero point the arc goes out and the voltage rise fol¬ 
lowing an approximate sine wave is too slow to re-establish 
the arc, and it stays out. With reactance in the circuit 
the power factor on the input side is low and on the out¬ 
put side the voltage wave is distorted into an almost 
rectangular shape, frequently with a sharp peak on the 
leading side of the rectangle. This abrupt rise of voltage 
immediately after the current passes through the zero 
point is an essential requirement to quickly and surely 
reignite the arc. The inference from experience, there- 
fore, is that whenever the arc has gone out for any reason, 
such as being short-circuited by a drop of metal in d-c 
welding or the current passing through zero in a-c welding, 
a rapid rise of voltage to a relatively high value, even if 
of short duration, is a necessary requisite for the reigni¬ 
tion of the arc, and therefore highly desirable. 

The theory of the arc, as it has been developed so far, 
appears to agree with experience. According to Doctor 
C. G. Suits,® the resistance of the arc depends on the state 
of ionization of the gaseous medium, which in turn depends 
on the ionizing voltage and the temperature. Further¬ 
more, the ionization follows a variation in the temperature 
almost without time lag, the period of readjustment being 
of the order of 0.001 second. The short circuiting of the 
arc by a drop of metal and the consequent momentary 
extinction of the arc is unquestionably followed by a drop 
in temperature of the surrounding gases. 

The initial resistance of the arc upon the reopening of 
the arc gap as the drop leaves the electrode is, therefore, 
considerably higher t h a n the average arc resistance. A 
rapid and relatively high voltage rise at that instant is 
then effective in reducing the initial resistance by rapidly 
increasing the state of ionization of the arc gases. The 
failure of the current-recovery test, as interpreted at 
present, to give a correct picture of the transient per¬ 
formance, is undoubtedly due to the fact that it does not 
take into account the variation in arc resistance with 
temperature and applied voltage. To give this test the 
maximum of usefulness, the voltage fluctuations which 
take place when the test is made should also be taken in 
consideration. 

Transient or Dynamic Volt-Ampere Curves 


The importance of the magnitudes of these voltages can, 
therefore, readily be appreciated. 

• ex P er * ence with another type of equipment points 
in tiie same direction. In endeavoring to apply a-c cur¬ 
rent to arc welding it'was soon discovered that a drooping 
vo ampere characteristic produced by resistance in 
senes wi e arc, similar to the constant-potential 
c sys em, was of practically no value in bringing about 


As the maximum and minimum voltages induced when 
there is a sudden interruption of the circuit, or a sudden 
insertion of a resistance in the circuit, are determining 
factors in producing arc stability during welding, these 
values plotted in the form of curves similar to the static 
volt-ampere curves should prove of interest. The open- 
circuit points for these curves are obtained from the volt¬ 
age-recovery test already described. The load points 
are obtained by tests similar to the current-recovery tests, 
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except that oscillograph records are made of the voltage 
only. The machine is loaded on resistance, which gives 
a point on the static volt-ampere curve. The resistance 
is then short-circuited and conditions allowed to become 
stable. The resistance is then suddenly opened and a 
record made of the maximum and minimum voltages, as 
shown in figure 6. In making this test the film should 
travel fast to obtain a distinct maximum voltage point, 
also the short should be interrupted quickly. If neces¬ 
sary, a blowout of the arc should be provided. The re¬ 
sistance is then varied in suitable steps and the test re¬ 
peated. 


voltage when a resistance is suddenly inserted in the cir¬ 
cuit. On the other hand, it is desirable to keep the cur¬ 
rent fluctuation from becoming excessive when a sudden 
short takes place. Recent tests have shown that large 
short-circuit currents tend to produce weld metal of large 
grain size with poor impact value and greatly increased 
spatter loss. For convenience, the record of the current 
when the machine is suddenly shorted from open circuit 
may be plotted on the same sheet as shown by curve 1. 
The overshoot is in this case higher than it would be if 


Figure 7 shows the static and transient volt-ampere 
curves for approximately full load setting of a 400-ampere 
welder. The curves give a dear picture of what happens 
when a resistance is suddenly inserted from a short cir- 


Curve 1—Transient 
volt-ampere curve of 
momentary short- 
circuit current values 
Curve 2 —Volt-am¬ 
pere curve of tran¬ 
sient peak voltages 
obtained during 
change from short- 
circuit condition to a 
resistance load con¬ 
dition 

Curve 3—Volt-am- 
pere curve of static 
or steady-state con¬ 
ditions obtained by 
various resistance 
loads 

Curve 4—Volt-am¬ 
pere curve of mini¬ 
mum voltage ob¬ 
tained when chang¬ 
ing from short-circuit 
condition to a given 
resistance load con¬ 
dition 
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Figure 7. Transient and static (steady- 
state) volt-ampere characteristics of 400- 
ampere welding generator 
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Figure 8. Oscillogram of arc current and voltage when 
welding with three-sixteenths-inch bare electrode. Approxi¬ 
mately 160 amperes, 20 volts 


the short was made from a resistance load at lower volt¬ 
age, but it represents the possible maximum current 
fluctuation and is, therefore sufficient. 

The degrees of steepness of curves 2 and 5 are the im¬ 
portant factors in determining arc stability. Of course, 
the degree of steepness has no meaning unless the scales 
of co-ordinates are agreed upon. However, the ratio of 
volts to excess of short-circuit current over no rmal cur¬ 
rent may be taken as the measure of steepness. For 
example, the curves in figure 7 were taken at 400 amperes, 
40-volt setting. At 400 amperes curve 2 shows a voltage 
of 72 volts; 72 divided by (760 - 400 = 360 amperes) 
= 0.2. In the same manner the steepness factor of curve 
5 is 0.0695. 


cult. While the current drops quickly from the steady 
short-circuit value, the voltage rises quickly along curve 
2, reaching point A approximately at the time the current 
has dropped back to normal. From this point on the 
current drops slowly. The voltage at first drops quickly 
along ab until the current and voltage simultaneously 
reach their minimum values at B. From ther e on they 
increase rather slowly along be to C. As pointed out, 
this gradual approach back to normal is of no significance. 
The point B can readily be determined from the fact that 
the percentage reduction, in current is substantially equal 
to the percentage in voltage below normal. This elimi¬ 
nates the necessity for recording the current with the 
oscillograph and simplifies the operation considerably. 

It can readily be seen that the steady short-circuit 
current must be appreciably higher than the wdding cur¬ 
rent in order to induce a high substantially instantaneous 
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A moderately steep static volt-ampere curve together 
with a much steeper curve 2 produces a very desir able 
characteristic. The steepness of curve 2 is very effective 
in producing arc stability provided the arc length is kept 
within certain limits. At the same time, the moderate 
steepness of curve 3 precludes an excessively long arc. 
In many applications the operators have to break the arc 
frequently and they prefer a dean break when the arc is 
drawn beyond a certain length, but they also desire the 
arc to hang on tenadously within that length. A wide 
spread between curves 2 and 3 is condudve to this de¬ 
sirable feature. 

It is interesting to observe the voltage peaks resulting 
from a rapidly decreasing current when welding with a 
machine with good transient characteristics. Figure 8 
shows these peaks distinctly and is especially interesting 
as the operator happened to short-dreuit the arc when the 
film was taken. The sharp voltage rise after each short 
circuit as the drops go across is indeed the most important 
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criterion in judging the transient performance of a welding 
generator from an oscillogram taken while welding. 
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Discussion 


•J 

R. C. Freeman (nonmember; General Electric Company, Schenec¬ 
tady, N. Y.): The article shows two important features of the 
voltage-recovery characteristics of a d-c power source for arc weld¬ 
ing, graphically represented on the basis of the same voltage ordi¬ 
nates and current abscissas as are used for the static volt-ampere 
curves. * 

The prime importance of various recovery characteristics has long 
been recognized by those acquainted with the design and operation 
of arc-welding generators. There has been much discussion as to 
the relative importance of the different features of voltage and cur¬ 
rent recovery under variously specified conditions. From the ex¬ 
tensive experience of many engineers there has developed the con¬ 
sensus that peak-voltage recovery, or certainly the constants indi¬ 
cated by the presence of such a voltage surge, and minimum voltage 
recovery are two of the most significant phases of the transient 
phenomena. 

The transient characteristics of a welding generator as graphically 
represented m figure 7 of the article, would become more meaningful 
if the tune element were evaluated. This is particularly true in 
curve 2 of figure 7 which is a plot of transient peak-voltage values 
Smce this peak voltage is an electromotive force induced by the rapid 
change of current when a short circuit of the generator is completely 
opened or opened across some predetermined resistance, this value 
then is a function not only of the constants of the welding generator 
but also of the speed of opening of the short circuit. Significant 
though such peak values are, they do not lend themselves to a simple 
and accurate quantitative determination of the welding-generator 
constants which are necessary for the maintenance of a good welding 

The author minimizes the significance of the time element in the 
ultimate recovery and current to steady-state values. Although the 
magnitude of minimum voltage recovery is of much more importance 
m the maintenance of an arc, yet it is also true that the time required 
for the current m the arc to recover to a normal value (that is, the 
tune required for the transition from point B on curve 5 to point C 
on curve 3 of figure 7 of the article) is worthy of consideration as a 
means of obtaining more uniform welding performance. It is note¬ 
worthy that in the ultimate recovery of current and voltage (to 
point C, figure 7) from the minimum value (point B, figure 7) there 
is an increase of 76 per cent in the watts of electrical energy delivered 
to the arc. Obviously it is advantageous to complete a transition of 
such proportion in a minimum period of time. 

In a time where there are so many conclusions drawn and Mat™. 
made^regarding welding performances which are based upon only a 
supeifieial consideration of static volt-ampere curves, this article 
stands for a true analysis of arc welding performance based upon the 
all-important consideration of transient characteristics. 

T1 i e maximum m “imum voltages following the 
sudden insertion of a resistance in the circuit are apparently recog¬ 
nized as the most important criteria in judging the weldkig per- 

a J c “ era . tor - However, Mr. Freeman is skeptical about 
the ability to determine the peak voltages readily and with a reason- 
abk degree of accuracy. He is of the opinion that the magnitude 
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It is true that the time required for the voltage to reach its maxi- 
mum value on the short-circuit-to-open-circuit test is directly de¬ 
pendent on the rapidity of the break. In general, the voltage reaches 
die peak when the current has dropped to zero, as stated in the paper 
But, strange as it may seem, the magnitude of the voltage peak is by 
no means inversely proportional to the time required for the current 
to reach zero, although it is considered to be induced principally by 
this rate of current change. This point was brought out rather 
iorciDjy by a test made some years ago. 

In discussing my paper ("Recent Developments in Design of Arc 
Welding Generators," AIEE Transactions, June 1932, page 576) 
Mr. Ver Planck contended that a “slow” break would assist the 
generator in maintaining a high minimum sustained voltage in so far 
as it gave the generator fields more time to build up. He compared 
the oscillogram of a recovery test shown in my paper with one taken 
on a Bergman machine and found that the short circuit was inter¬ 
rupted six times more slowly on the Hansen machine. T his, Mr. 
er Planck claimed, assisted the Hansen machine in showing a high 
minimum recovery” voltage. 6 

This point was carefully checked by repeating the test on the 
Hansen machine and taking special precaution to break the arc 
quickly. The rate of breaking the current was speeded up to com¬ 
pare with the test on the Bergman machine, that is, about six times 
faster than on the recovery test shown in the paper. In spite of the 
greatly increased rate of current change, the peak voltage was only 
about SO per cent higher and the minimum recovery voltage, in¬ 
stead of being lower as Mr. Ver Planck expected, was a few volts 
higher. Here a greatly increased rate of current change produced 
-only a moderate change in the peak value of the voltage and a very 
slight change in the minimum value. It is their comparative free¬ 
dom from dependence upon the rate of interruption that led me to 
propose the consideration of the magnitudes of the peak and mini- 
mum voltages on the recovery tests rather than the ridiculous stipu- 

a tit? ° f ^ 111116 required to reac k 50 Per cent of normal voltage ” 

^ When the short circuit is opened on a predetermined resistance 
the importance of the time element in affecting the magnitude of the 
voltages is less than when the circuit is completely opened, and the 
lower the value of the resistance on which it is opened the less im¬ 
portant die time element becomes. The tendency to form an arc 
when a circuit is opened is greatly minimized when a circuit of low 
resistance is connected in parallel with it. 

Possible errors in the peak-voltage values due to variation in the 
ra e of interruption, therefore, become progressively smaller for 
lower points on curve 2. That is fortunate because it is the steep- 
ness of this curve over the welding range that is of importance. 
What happens as the curve approaches the open-circuit point is not 
of much consequence. The fact that the peak values come out on a 
smooth curve is an indication that they cannot be very erratic It is 
certainly easier to determine the voltage peaks than the gradual ap¬ 
proach to within five per cent of normal current on the present cur- 
rent recovery test. 

Mr. Freeman's second criticism that little consideration is given 
m the paper to the time of current recovery deserves to be com¬ 
mented on. Mr. Freeman states that there is an increase of 75 per 
cent in the energy delivered to the arc as the current and voltage 
pass from their minimum values to normal. 

This statement is evidently based on the assumption that the be¬ 
havior of the current and voltage is the same when a fixed resistance 
" “** ted . “ <*«* as it is when the arc gap is opened due to a 

drop leaving the electrode. This, however, is far from being the 
case, as pointed out in the paper. A close study of many oscillo- 
»rams taken during actual welding operations has not disclosed any 
tendency for the current and voltage to start at low values and gradu¬ 
ally approach normal after recovering from a short circuit caused 
by a drop. Even when there is no drop passing across for as many 
as 10 to 12 cycles there is no evidence of such a tendency . The 
reason probably is that the conductance of the arc is itself a function 
of the applied voltage. A high peak value of voltage following im¬ 
mediately upon the opening of the short circuit appears to establish 
normal current flow quicker in the arc than it does in a fixed resist¬ 
ance. This is the reason that so little consideration is given in the 
paper to the time of current recovery when it is taken on a r esistance; 
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Co-ordination of Power Transformers for Steep-Front 

Impulse Waves 

By V. M. MONTSINGER 

FELLOW AIEE 


Introduction 

T HE REQUIREMENT that transformers withstand 
certain specified impulse tests has been accepted by 
the industry as desirable, and the Institute has rec¬ 
ommended a standard method of tes tin g transformers 
with a 1.5 x 40 microsecond wave. 

These tests, however, do not demonstrate that trans¬ 
formers can withstand steep-front waves when the voltage 
is limited by flashover of their bushings or of rod gaps 
that give ample protection for long waves. The reason, 
of course, for this is that the flashover voltage of an air 
gap increases faster than the breakdown voltage of insula¬ 
tion as the time (to flashover or breakdown) gets shorter. 
This means that the margin of safety of the transformer, 
when protected by an air gap, decreases as the impulse 
wave front becomes steeper and for very steep fronts the 
margin may disappear. It is now generally recognized 
that to protect a transformer by an air gap against steep 
front waves, the spacing of the gap must be much lower 
than that necessary to protect against long waves. 

Furthermore, in cases where transformer windings have 
an inherently poor initial impulse voltage distribution at 
the line end, the steep-front waves produce steeper gra¬ 
dients (in per cent of the applied wave) than are produced 
by long waves with the result that breakdown may occur 
between the turns and coils, before the major insulation 
fails. This is particularly true of the higher-voltage un¬ 
shielded windings. In such cases shorter air gaps may be 
required to protect the line end coils than are required to 
protect the major insulation. 

Though greatly improved in impulse strength, within 
the past few years, it has to be admitted that modem high 
voltage transformers cannot withstand the kilovolts asso¬ 
ciated with excessive steep-front lightning waves resulting 
from direct strokes on or near its terminals. The major 
insulation would fail. Transformers, of course, could be 
built to withstand direct strokes but this cannot be eco¬ 
nomically justified. Extremely steep-front waves should, 
of course, be kept out of the station by suitable means and 
suitable protective devices used for protection against 
dangerous incoming traveling waves. 

Finally, to co-ordinate or protect transformers intelli¬ 
gently for all kinds of impulse waves requires an accurate 
knowledge of the volt-time characteristics of transformer 
insulations. Data of this kind can be determined only by 
. careful laboratory investig ations of typical transformer 

Paper number 37-136, recommended by the AIEE committee on electrical 
machinery and presented at the AIEE winter convention, New York, N. Y , 

January 24r-28, 1938. Manuscript submitted October 13, 1937 : made available 
for preprinting November 23, 1937. 

V. M. Montsinger is a research engineer for the General Electric Company, 
Pittsdeld, Mass. • 
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insulations. Such investigations have been under way 
during the past few years. 

Purposes of Paper 

The purpose of this paper is to report the results of these 
laboratory tests made to determine the impulse volt-time 
curve characteristics of transformer insulations, based 
upon the effect of both single and repeated applications 
of impulse voltages on both the corona injury level and 
the breakdown. Front-of-wave testing of transformers 
is also discussed. 

A. Volt-Time Characteristics 
of Transformer Insulations 


Considerable data have already been published 1-4 on 
volt-time curves of solid insulation, on transformer oil and 



TIME TO BREAKDOWN - MICROSECONDS 

Figure 1. Single-shot volt-time curve of barrier A (36 
inches by 48 inches). One-quarter inch oil plus one- 
eighth inch P. B. plus one-quarter inch oil plus one-eighth 
inch P. B. plus one-quarter inch oil—total thickness one inch/ 
four-inch-diameter square-edged electrodes; 1.5 x 40 
negative wave 

on solid insulation in series with oil (representing the major 
insulation in a transformer). Most of these curves were 
based upon breakdown caused by a single application of 
voltage for the various “times to breakdown.” Unlike 
an air gap, insulation has the characteristic of being weak¬ 
ened by repeated applications of voltage above the injury 
level. Therefore, in comparing the volt-tuqe curve of 
transformer windings with air gaps, it is quite necessary 
to use insulation curves based upon repeated voltage ap¬ 
plications for the reason that we have no assurance" that a 
transformer will not be subjected to more than one light¬ 
ning stroke. In fact, it has been shown* that in a (sup¬ 
posedly) single stroke a large number of impulses may 
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follow each other in rapid succession. Another reason 
why co-ordination and protection should be based upon 
the “repeated impulse wave” volt-time curves of insula¬ 
tion is that the application of a single wave having an 
amplitude higher than the repeated wave strength will 
cause injury even though failure does not occur. 

Insulation Barriers 

Tests were made on four different barriers designated as 
A, B, C, and D, designed to simulate the major insulation 
in transformers. Barriers A and B in all cases, had bare 
electrodes. Barriers C and D had insulated line (genera¬ 
tor-side) electrodes and a flat metal sheet for ground elec¬ 
trodes. 

Tests on Barriers A and B 

Barrier A consisted of one-fourth inch oil, one-eighth 
inch pressboard, one-fourth inch oil, one-eighth inch press- 
board, and one-fourth inch oil—total thi ckness of barrier 
of one inch. Barrier B was the same as A except that it 
consisted of one-eighth inch oil ducts and one-sixteenth 
inch pressboard sheets—total thickness one-half inch. 
In all cases the oil ducts were maintained by two spacing 
strips one-half inch in width under the electrodes. 

(I), i Single-Shot Breakdown Volt-Time Curves. Figures 
1 and 2 give the results of tests made on barriers A and B 
to obtain volt-time curves based on single-shot break¬ 
downs with a negative 1.5x40 microsecond wave. The 
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TIME TO BREAKDOWN*MICROSECONDS 

Figures. Single-shot volt-time curve of barrier B (36 inches 
by 48 inches). One-eighth inch oil plus one-sixteenth inch 
P. B. plus one-eighth inch oil plus one-sixteenth inch P. B. 
plus one-eighth inch oil—total thickness one-half inch; 
four inch diameter square-edged elecrodes; 1.5x40 
negative wave 
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Figure 3. Insulation barrier C used for dielectric tests 
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Figure 4. Insulation barrier D used for dielectric tests 

line and ground electrodes were four inch diameter 
disks with square edges. 

Expressed in percentages of kilovolts versus time to 
breakdown the curves in figures 1 and 2 give the values 
shown in table I. 

(2). Life Tests With Full Waves. To obtain the effect 
of repeated shots on the breakdown strength as compared 
with the single-shot strength with a 1.5 x 40 wave, several 
thousand shots (covering a period of about one year) were 
made on barriers of type A. Three shapes of line elec¬ 
trodes were tried out, these being (1) four-inch-diameter 
square edge; (2) rectangular U-shaped rods; and (3) one 
inch round U-shaped rods. The rectangular and round 
rods were well rounded at the bends. The ground elec¬ 
trode was a metal sheet 36 inches by 48 inches. 

The only definite conclusions that could be drawn from 
these life tests were, first, that on repeated shots the 
“wait” between shots apparently had no effect on the 
final breakdown value. In other words, there appears to 
be no heating.effiect with impulse voltages as occurs with 
low frequency voltage.* 

Second, the breakdown value was reduced (below the 
single-shot value) quite rapidly on the first few shots, ap¬ 
proximately 50 per cent of the reduction occurring in the 
first ten shots and then decreasing to the final or min imum 
breakdown value in the next 25 or 50 shots. 

No dependable curve of breakdown versus number of 
shots could be obtained for the reason that injurious corona 
in some cases started as low as 60 to 65 per cent of the single¬ 
shot breakdown value, but failure did not usually occur 
(under many shots) until approximately 90 per cent of the 
single-shot breakdown value was reached. Obviously, 
when the insulation was tracked near the line electrode at 
65 to 75 per cent voltage the final breakdown value of 
approximately 90 per cent voltage did not mean anything. 
Apparently dependable life tests cannot be obtained with 
bare line electrodes. This, of course, is not a practical 

condition as all transformer conductors are insulated. 

Tests on Barriers C and D 

At this point it was decided to use insulated lino elec¬ 
trodes or small coils with barriers, designated previously 
as C and D. 
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T«bl* I. Impulse Volt-Time Values by Test 
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to be one of the most difficult ones ever followed by the 
author. 

The results of the tests made on barriers C and D are 
shown in curve form in figures 6, 7, and S. The full-wave 
points are shown at from four to five microseconds’ time, 
regardless of the exact point on the wave at which either 
corona, injury, or breakdown occurred. The corona no 
doubt occurred near the crest of the wave (approximately 
1.5 microseconds). As has been pointed out, breakdown 
of insulation barriers also usually occurs near the crest of 


Barrier C consisted of a small coil as the line electrode 


and a plane as the ground electrode, the two electrodes 
being separated 0.041 inch consisting of one-fourth inch 
oil, one-eighth inch pressboard, one-fourth inch oil, and a 
0.010 inch sheet of paper adjacent to the ground plate. 
See figure 3. The turns in the coil consisted of 0.300-inch 
by 0.120-inch copper strands insulated with 0.006 inch 
paper (one side thickness) and 0.003 inch cotton thread, 
the cotton serving merely as a mechanical protection. 
This barrier represents the type of major insulation of 
approximately a 15-kv power transformer. 

Barrier 1) consisted of a small coil (more heavily insu¬ 
lated that! the one in barrier C), a one-fourth inch oil duct 
adjacent to the coil, two five-sixteenth inch flanged collars, 
(f») one-eighth inch pressboard sheets, and two one-half 
inch oil ducts - total thickness two and one-half inch as 
shown in figure 4. The turns in the coil consisted of 
0.300 inch by 0.100 inch copper strands insulated with 
0.13K inch paper (one side thickness) and 0.003 inch cot¬ 
ton thread. This barrier represents the type of major 
insulation of a power transformer of approximately 92-kv 
rating. 

Figure 5 shows the impulse generator and circuit con¬ 
nections used. 

Twenty or more C barriers were tested - some on life 
tests of several hundred shots before consistent results 
could be obtained. The difficulty was found to be due to 
small particles of air entrapped in the coil insulation. 
The presence of air was very misleading both in the be¬ 
ginning of corona and in the breakdown strength. Quite 
often, on repeated shots the first appearance of corona 
gradually disappeared. This process might occur several 
times as the voltage was increased. During this time the 
air was eliminated. 

As it was not practicable to eliminate the air in the mari¬ 
ner usually employed in transformers (by short-circuit 
heat runs, or evacuation) before starting the tests, it was 
necessary to assemble die barrier under oil. The coils 
were dried, oil impregnated, and kept under oil at least 24 
hours previous to use and not allowed to come in contact 
with air during the assembly process. The pressboard, 
paper sheets, flanged collars, and spacers were all vacuum 
dried and oil impregnated, and assembled under oil. Ap¬ 
proximately 6,000 shots were made on barrier C alone 
after die entrapped air problem was solved. Ap¬ 
proximately 4,600 shots were made on barrier D, Alto¬ 
gether during the entire investigation some 15,000 to 
20,000 impulse tests were made, ranging over a period of 
approximately two years’ time. The investigation proved 


Table II. Impulse Ratios 


Negative Full-Wave Impulses 

Impulse Ratios for Barriers 



C 

0 


1 , Single-shot breakdown to one-minute 


- 2.07 



80*t*ydc breakdown,.... 

\m) 



2. Repeated shot breakdown to one-tula- 
ute 00-eyde breakdown....... 

1 280 \ 
\m ) 

- 1.8 

\»00 / 

2.6 

2. Injurious corona impulse to injurious 

(m\ 

- 1,7ft 

/680\ 
vm) m 

2.48 

corona 60 cycle.,......... 

W/ 

4. Injuriouscortwa impulse to one-minute 

/ 240 \ 

- 1,66 

f 680 \ 

227 

80'cycle breakdown...,...... 

\1**/ 

\ 3 00 / ** 


the wave, though in some cases it may be somewhat be¬ 
yond the crest—perhaps up to two or three microseconds 
for a 1.5-microsecond front. Each point represents any¬ 
where from 20 to 100 shots and in some eases several 
hundred shots were made in graduated steps before co¬ 
rona, injury, or breakdown occurred. 

All front-of-wave tests, with one exception, were made 
by chopping the wave with either 100-centimeter or 200- 



centimeter spheres. The front of the wave chopped with 
spheres had no bend-over, as often occurs when chopped 
with a rod gap. No gap was used when obtaining the 
single-shot breakdown volt-time curve shown in figure 6, 
the applied wave being raised on a new barrier after each 
breakdown. The time and kilovolt values at breakdown 
were obtained by cathode-ray oscillograms. 

The curves shown by dashes in figures 6, 7, and 8 and 
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TIME TO BREAKDOWN - MICROSECONDS 


Figure 6. Volt-time curves of transformer insulations; 
impulse tests on 0.64 inch barrier C; negative waves; 1.5 x 
40 used on full-wave tests 


all rated voltage circuits to make any definite recom¬ 
mendations at this time. The suggestion, however, has 
been made that a wave whose front rises at the rate of 
1,000 kv per microsecond be used for front-of-wave testing 
of transformers of all voltage ratings. In fact, several 
high-voltage transformers have recently been tested with 
this wave by flashing over a rod gap having a spacing in 
the order of 70 per cent of the (previously standard) test 
gap. 7 

The present knowledge of direct strokes indicates that 
the rate of voltage rise is not constant over the whole 
front of the wave, being lower at the initiation of the wave. 
Since the same kind of lightning waves will strike both 
low- and high-voltage circuits, the rate of rise to flashover 
of the line or station insulation would be less for low-volt¬ 
age circuits. If 1,000 kv per microsecond is correct for 
high-voltage circuits it may be only 500 kv per microsecond 
for low-voltage circuits. 

Service records on old transformers protected only by 
gaps coupled with experience in making factory impulse 
tests (using 1,000 kv per microsecond wave fronts) on 
transformers of relatively high-voltage ratings and of 
similar construction and insulation levels, ind icate that 
seldom are wave fronts as steep as 1,000 kv per micro¬ 
second imposed on transformers in service. In other 
words, based on laboratory tests many of these old trans¬ 
formers would fail if subjected to 1,000 kv per micro¬ 
second wave fronts. This absence of failures might be 
accounted for by the fact that the wave fronts are usually 
sloped off to less than 1,000 kv per microsecond by attenua¬ 
tion or by the station capacitance—of bus bars, bushings 
(for both circuit breakers and transformers) and of the 


marked “Proposed curve for front-of-wave testing” are 
based on the values given in table I. 

Table II gives the impulse ratios obtained on barriers C 
and D shown in figures 6 and 7. 

The ratio of the injurious corona to the sing l e shot 
breakdown of barrier C was in the order of (240/320) = 
0.75. 

For positive waves the ratio of the injurious impulse 
voltage to the 60-cycle one-minute breakdown was (235/- 
155) = 1.52. The full-wave data are rather limited in this 
case and not much dependence can be placed on tfi^m 
(Note: The short-time breakdown data are more depend¬ 
able.) 

The results of this investigation indicate that there is no 
definite impulse ratio that applies to all voltage ratings of 
transformers. 

B. Testing Transformers on Front of Wave 

If front-of-wave testing is to be standardized, careful 
consideration must be given to the rate of voltage rise to 
be used. Just how steep a wave front should be for front- 
of-wave testing is an open question. It is riot felt that 
enough is known at the present time of the steepness of 
wave fronts that occur under service conditions and espe¬ 
cially whether or not the same steepness of fronts occur on 
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TIME TO BREAKDOWN - MICROSECONDS 
Figure 7. Volt-time curves of transformer insulations; 
impulse life tests on 2.5 inch. barrier D; negative waves/ 
1.5x40 used on full-wave tests 
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transformer windings. This indicates that 1,000 kv per 
microsecond rate of voltage rise might be too high for 
front-of-wave testing, especially for transformers of the 
lower voltage ratings. 

Front-of-wave testing can be specified in either of two 
ways; first, by kilovolts and time; second, by inches of 
rod gap and rate of voltage rise. In either case the kilo¬ 
volts imposed on transformers in front-of-wave testing 
should be governed by the volt-time curve of transformer 
windings if the same factor of safety is to be maintained 
for full waves, chopped waves, and front of waves. Until 
the EEI-NEMA subcommittee on correlation of labora¬ 
tory data establishes volt-time curves for gaps, insulators, 
etc., it appears that some front-of-wave tests will be speci¬ 
fied by gap spacings. The preferable method, however, is 
to specify the tests by kilovolts and time to flashover of a 
gap " 

Specifying front-of-wave testing by inches of rod gaps 
is more involved than specifying the test by kilovolt values 
for the reason that the proper gap spacing depends upon 
the way the rate of rise is defined. There are two ways of 
defining the rate of rise; namely, 

First, the rate of rise is determined by the slope of a straight line 
drawn through the 10 and 90 per cent voltage points. This is usually 
termed the "effective” rate of rise. 

Second, the rate of rise corresponds to the slope of a straight line 
drawn from virtual zero to the time of actual flashover. This is 
termed the "average” rate of rise. 

Note: In either case "time” starts from "virtual time zero” which 
is determined by drawing a straight line through the 10 and 90 per 
cent voltage points. The intersection of this line with the time 
axis (zero voltage line) is the virtual time zero. 

If there is no bend-over just before flashover, both the 
effective and average rates of rise are, of course, the same. 

However, when using a rod gap to chop the wave front, 
there may be an appreciable bend-over just before flash- 
over takes place (due to heavy corona current drawn by 
rod gap), in which case the effective rate of rise will be 
greater than the average rate of rise. This is illustrated 
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Figure 8. Volt-time curves of transformer insulations; 
impulse life tests on 0.64 inch barrier C; positive waves; 
1.5x40 for full-wave tests 



SAP SPACING * INCHES 

Figure 9. Impulse flashover of rod gaps, 1,000 kilovolts 
per microsecond; negative wave fronts 

in figure 9. Merely applying a higher voltage will not 
entirely eliminate the bend-over. 

The remainder of the discussion of this subject will be 
based, merely for illustrative purposes, upon testing trans¬ 
formers with a 1,000 kilovolts per microsecond wave front. 
It should be understood, however, that this does not 
mean that a 1,000 kilovolts per microsecond wave is ad¬ 
vocated for front-of-wave testing for the reasons previously 
mentioned. If some other rate is used where the test is 
specified by gaps, the same method should be used to 
determine the proper gap spacing. 

The impulse flashover of rod gaps at 1,000 kilovolts per 
microsecond wave front is shown in figure 9, where curve 
A is based on the average front and curve B on the 
effective front. 

Curve A is based on three points for 10-, 20-, and 30- 
inch gap spacings taken from figure 9 of reference 8. 
Curve B is based on two points for 10-inch and 24-inch 
rod gaps recently taken in the Pittsfield works high-volt¬ 
age laboratory. 

As previously pointed out the proper kilovolts to use for 
front-of-wave testing of transformers with standard insu¬ 
lation should be based on the volt-time curve of trans¬ 
former insulation. Figure 10 shows the volt-time curves 
of transformer insulation based on (1) breakdown by 
single application of voltage, curve A, and (2) breakdown 
by repeated applications of voltage, curve B. 

We are now in a position to select the proper kilovolt 
values and proper gap spacings (when the test levels are 
specified by gaps) for impulse testing power transformers 
having standard insulation levels and where the specified 
wave front is 1,000 kilovolts per microsecond and of nega¬ 
tive polarity. 

If the time of gap flashover is 0.6-microsecond (deter¬ 
mined by cut-and-try method) the impulse kilovolts by 
curve A, figure 10, should be 1.44 times the long (chopped) 
wave (chopped) test kilovolts. 

Table II of article *‘Insulation Strength of Transform¬ 
ers^ gives the chopped wave test as 405 kv for a trans¬ 
former of 69-kv rating. 

Therefore, the front-of-wave test voltage for a 69-kv 
transformer should be 405 X 1.44 = 583 kv which flashes 
over in 0.583 microsecond (or approximately 0.6 micn>- 
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second) at 1,000 kilovolts per microsecond. If the tests 
were specified by rod-gap spacing, the lengths of gap (by 
curves in figure 9) for 583 kilovolts should be approxi¬ 
mately 11 inches (by curve A) for an average wave front 
of 1,000 kilovolts per microsecond and approximately 13 
inches (by curve B ) for an effective wave front of 1,000 
kilovolts per microsecond. 

It should be kept in mind that if the average rate of 
rise (line A, figure 9) is 1,000 kilovolts per microsecond, 
the effective rate of rise will be more than 1,000 kilovolts 
per microsecond—in the order of 1,200 to 1,500 kiiovolts 
per microsecond, depending on the bend-over of the wave. 
It is for this reason that the gap spacing should be less 
when using average rate of rise. 

In a similar manner the test-gap spacings were deter¬ 
mined for 92-, 115-, and 138-kv transformers having stand¬ 
ard insulation levels. The results are given in table III. 

The above shows that the test-gap spacing for front-of- 
wave testing will depend not only upon the insulation level 

Table III. Rod Gap Spacings for Front-of-Wave Tests 
of Power Transformers 


Front-of-NegaUTe-Waye Testa 


Rated 

Circuit 

Kr 

AXES 

Recom. 

Chopped Multi- 
Wave plying 

Kv Factor Kr 

Approx. 

Time 
to F. O. 
n sec 

Gap Spacing* 
for 1,000 Kr 

Eff. 

Front 

—Inches 
per n sec 

Avg. 

Front 

69.,.. 

.405 X 1.44 « 583... 

.0.6 .... 

....13" . 

.11" 

92.. .. 

.515 X 1.38 - 710... 

.0.7 .... 

....18 . 

.15.5 

115.... 

-625 X 1.33 - 830... 

.0.83... 

....23.5. 

.20 

138.... 

-750 X 1.27 - 950... 

.0.95.... 

....30.0. 

.25.5 


A- BREAKDOWN BY SIN8LC APPLICATION OF VOLTAGE* 

8- BREAKDOWN BY REPEATED APPLICATIONS OF VOLTAGE. 
*1.5 X 40 IMPULSE WAVE (POSITIVE OR NE8ATIVE). 



TIME TO BREAKDOWN-MICROSECONDS 

Figure 10 . Volt-time curves of insulation, consisting of solid 
insulation and oil in series (simulating major insulation in a 
* power transformer) 


but also upon the method of defining the rate of voltage 
. rise. It should be kept in mind that while the gap spac¬ 
ings are different in the last two columns, they represent 
the same flashover kv values. Further laboratory data 
are needed on 1,000 kilovolts per microsecond flashover of 
rod gaps below ten inch and above 30 inch spacings 
before working out gap spacings for other circuit kilovolt 
ratings, especially ratings above 138 kv. 

Furthermore, as the curves in figure 9 are based on 
limited data from only one laboratory, the spacings shown 
in table III are subject to change when final volt-time 
curves for rod gaps are agreed upon by the EEI-NEMA 
subcommittee on correlation of laboratory data. The 
main purpose in presenting this data is to show the proper 
method of deriving gap spacings for front-of-wave testing. 

Protecting Old Power Transformers 
Against Steep-Front Waves by Rod Gaps 

It should be realized that the bend-up of volt-time 
curves of insulation shown in figure 10 does not neces¬ 
sarily apply to old unshielded transformers where the 
impulse stresses between turns and between coils are 
much higher for steep-front waves than for long waves of 
the same applied kilovolts. This is true mostly for the 
higher-voltage ratings where the windings were not 
shielded to prevent excessive voltage stresses between 
turns and coils when subjected to steep waves. 

In other words, while figure 10 shows the shape of volt¬ 
time curves for the major insulation for both old and new 
transformers it does not necessarily represent the shape of 
the volt-time curve for turn to turn and coil to coil insula¬ 
tion for all transformers in service. In some cases of old 
transformers it may not be possible to permit any turn-up 
in the volt-time curve. It should be understood, however, 
that this reduced turn-up is not due in any way to the char¬ 
acteristics of the insulation itself but rather to the in¬ 
creased turn and coil voltage stresses (as expressed by per¬ 
centage of the applied wave) resulting from steep waves. 
In all cases the flat part of the curve, figure 10, should 
correspond to the safe long wave (1.5 X 40) impulse test 
level of the transformer. 

Conclusions 

The following conclusions have been drawn from this 
investigation, taking into account the tests made on the 
barriers, A and B, with bare line electrodes as well as 
barriers CaadD with insulated line electrodes. 

1. The breakdown of insulation by repeated impulse voltage is 
not associated with any heating effect. That is, the breakdown is 
independent of the duration of the wait between shots. 

2. The volt-time curve of transformer insulations based on re¬ 
peated voltage applications is essentially of the same gt<« r» as (al¬ 
though of lower value than) the volt-time curve based on single 
voltage applications. 

3. There is no polarity effect on either the beginning of corona 
or the breakdown of insulation. (Note: If any polarity effect 
exists for insulation it should have shown up in these tests made 
with a small coil as one electrode and a plane 36 inches by 46 inches 
as the other electrode.) 
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4. Streamer corona damages insulation, while glow or brush dis¬ 
charge corona under conditions within the limits of this investiga¬ 
tion (impulse of short time duration compared to 60 cycles) may not 
cause any measurable damage. There is no definite voltage at 
which corona of the brush discharge type first occurs on a given 
barrier. 

6. The corona band on the edges (either inside or outside) of the 
coils with turn insulation was generally wider on full waves than on 
steep-front waves. In some cases on life tests there was no visible 
corona on the coil with steep waves until puncture occurred. The 
kv at which corona appeared on different coils, however, varied to 
some extent for steep waves. 

6. With bare line (generator-side) electrodes the ratio between 
the repeated shot injurious corona and the repeated shot break¬ 
down (reached by graduated voltage steps of 100 shots at each step) 
varies over quite a range. In some cases the repeated shot in¬ 
jurious corona was as low as 65 per cent of the single shot breakdown 
while the breakdown with 100 or more shots was as high as 90 per 
cent of the single-shot breakdown. 

7. With an insulated line electrode the injurious corona on full 
waves generally ranges from approximately 75 per cent to 85 per 
cent of the single shot breakdown although in some few cases it was 
as high as 90 per cent. While the repeated-shot strength (100 shots 
or more) may be higher than the injurious corona point, the volt¬ 
time curves of repeated shot strengths of insulation shpuld be 
based on the injurious corona level since failure would eventually 
take place if enough shots were applied. A safe over-all average 
value to use appears to be about 80 per cent. 

8. When front-of-wave testing of transformers is desired it is 
preferable that the test be specified by kilovolts and time—the 
values being based on the volt-time curve of transformer insulation, 
figure 10. If the larger gap spacings (last two columns of Table 
III) are specified the effective rate of rise should be used. 
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Discussion 

J. E. Clem (General Electric Company, Schenectady, N. Y.): Mr. 
Montsinger has given us another paper which should be useful in 
improving the design of transformers in regard to their lightning- 
strength characteri^ will suggest an applica¬ 

tion of the material in the paper. 

It is interesting to note that die data in table I can be closely ap¬ 
proximated by a simple empirical expression as follows: 

R - 0.75 X ~ 


Table I. Impulse Volt-Time Values by Test and Equation 


Time t to 
Breakdown 
(Microseconds) 

Ratio R of Breakdown Voltage at Time t to 
Tull-Ware Breakdown Voltage 

Paper 

Equation 

0.25.. 

.2.00. 

.2.010 

0.5 . 

..1.50. 

.1.544 

1.0 . 


.1.250 

1.5 . 

.U3. 

.1.132 

2.0 . 

.1.05. 

.1.065 

3.0. 

.1.00. 

.0.990 


R = ratio of voltage at breakdown to full-wave breakdown voltage. 
t — time to breakdown in microseconds. 

See table I of this discussion for comparison of test and calculated 
values. 

The average steepness to the point of cut-off of the wave front of 
lightning as it appears on transmission lines is less for the lower- 
voltage circuits than for the higher-voltage circuits. Measured 
values of kilovolts per microsecond range from 40 to 2,000 with only 
a few exceeding 500 volts per microsecond. These facts should be 
considered in any proposals for wave-front testing of transformers. 

When the present Institute Impulse Test Code was first prepared 
it was recognized that changes or additions probably would be 
necessary, as the knowledge of the nature of lightning increased and 
as experience in testing developed. The basic reason for setting up 
impulse tests is to establish definite insulation values which may be 
demonstrated by test and which may serve as a measure of the pro¬ 
tection which must be provided when the transformer is in service. 

It has long been recognized that the main source of damaging 
overvoltages is lightning and accordingly the impulse test should 
be of such a nature that the results can be correlated with operating 
conditions. The present impulse test consists of two applications of 
a chopped wave followed by one application of a full wave. This 
test simulates to a certain degree traveling waves and waves chopped 
some distance from the station. However, the Institute should 
consider some test which better demonstrates the insulation level 
of transformers for conditions corresponding to a nearby direct stroke 
which imposes a very rapidly rising voltage. 

There has been a demand for tests of this latter nature, in which 
a wave of a specified rate of rise and magnitude is applied to the 
transformer. In order that there be a common basis for specifying 
the test requirements and making the tests I am proposing that the 
Institute immediately begin the preparation of standards for front- 
of-wave testing of transformers. 


K. B. McEachron (General Electric Company, Pittsfield, Mass.): 
Mr. Montsinger has presented a paper setting forth the results of 
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an investigation in the high-voltage engineering laboratory on trans¬ 
former insulation under front-of-the-wave conditions. It must not 
be inferred, however, that information is available as yet indicating 
how steep the waves may be expected to be in practice. A figure of 
1,000 kilovolts per microsecond has been mentioned and used at 
times, but it is not known how often such a wave front would be 
measured in service. Most of the data on wave front comes from 
the work of Norinder, 1 but these results must be used with caution 
on account of the possibility of error. 

Furthermore, although the author is discussing only power- 
transformer insulation, yet I think it is wise to point out that rates 
of rise, to be expected for low-voltage circuits, may well be appre¬ 
ciably less than for high-voltage equipment. This situation is 
illustrated in figure 1, which shows the probable shape of a direct 
stroke of lightning initiated by a downward leader. McEachron 2 
and McMorris have shown that this wave shape would be expected 
as the result of the motion of propagation of the downward leader 
carrying a charge. The only oscillogram 8 measuring the potential 
of a direct stroke of lightning close by also indicates the same kin d 
of front. I have no doubt but that many kinds of fronts are pos¬ 
sible, but figure 1 indicates that the same rate of rise should not be 
applied to low-voltage transformers as is applied to the high-voltage 
transformer, on account of the lower insulation level. 

Attention is being directed toward the securing of wave-shape 
data, but it c a nn ot be obtained quickly, even after m eans and 
methods are devised for making a sufficient number of meanS tire m ents 
to be significant. This all states that much care must be taken in 
undertaking any program of front-of-wave testing, and low-voltage 
transformers will require in all probability lower rates of voltage 
rise than high voltage transformers. 
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P. L. Bellaschi (Westinghouse Electric and Manufacturing Company, 
Sharon, Pa.): Mr. Montsinger has presented a valuable contribu¬ 
tion On the co-ordination of transformer insulation to steep-front 
impulse waves. Similar extensive investigations at the Sharon 
high-voltage laboratory have established that what has been ac¬ 
complished for the distribution transformer in the way of self-pro¬ 
tection against lightning strokes 1 appears feasible and economical 
also for the modern power transformer. 

One of the factors which has contributed to this development is 
.tiie ability to produce and measure in the laboratory steep-front 
impulse waves. For example, typical rod-gap values obtained at 
Sharon for the 15-inch and 24-inch spacings for a 1,000 kv per micro¬ 
second effective rise are respectively, 620 kv and 830 kv. The good 
agreement of the corresponding Pittsfield data in figure 9 suggests 
that some standardization is quite possible at this date. In so doing 
naturally a closer comparison of technique and test methods may 
become necessary. 

An important consideration in comparing results is the ratio of 
the average to the effective front as this ratio is a measure of the shape 
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of the wave and of the rounding at the chopped crest. The experi¬ 
ence at Sharon in testing many barriers and a number of trans¬ 
formers has shown that this ratio for the various conditions hereto 
encountered has ranged from 0.70 to practically 1.00. On the aver¬ 
age the ratio is in the order of 0.85 which indicates that the wave in 
general is quite sharp at the crest. Locating the rod gap right at 
the bushing of the apparatus tested and operating the impulse gener¬ 
ator as high up in the voltage setting as possible with respect to the 
chopped test voltage should contribute to a front in which the ratio of 
average to effective is high, such as the oscillograms of the trans¬ 
former model tests given in figures 2 and 3 show. 

The conclusion Mr. Montsinger arrives at in table III where 
quite different rod gap values are set up for each of the two methods 
of defining the front, is difficult to understand. The insulation 
characteristic in figure 10 is a volt-time curve, therefore the rod-gap 
schedule under the average front column appears as the logical one. 
The appreciable difference in the gap values for the average and the 
effective front columns is hardly to be expected for the reason that 
the insulation characteristic and the rod gap characteristic each vary 
in the same direction and about the same relative amount. For 
example, increasing or decreasing the basis of the rate of rise in table 
III either to 1,500 kv per microsecond or 750 kv per microsecond 
(according to the Sharon rod-gap data) would indicate substantially 
the same schedule of rod gaps. In other words by virtue of the 
close similarity in the insulation and rod-gap characteristics over a 
certain range of the time once the correct schedule of gaps has been 
established co-ordination for the shorter or longer impulses should 
be expected. It is clear, too, on this score that the method of testing 
would be rather immaterial. On the other hand there are certain 
advantages inherent in the effective method, as better control in 
testing. The effective front responds more directly to generator 
setting and is accordingly subject to somewhat better control. 

Mr. Montsinger indicates that reason for a 1,000 kv per micro¬ 
second rate of rise as a basis for testing transformers. From the 
extensive experience of apparatus in the field that has given adequate 
service and judging the relative ability of this old apparatus in with¬ 
standing the steep-impulse tests that have been applied to modem 
transformers, the 1,000 kv per microsecond appears in general quite 
justified. The measurements taken at the end of the 220 kv Wallen- 
paupack-Siegfried line several years ago 2 indicated front steepnesses 
lower than 1,000 kv per microsecond. On the other hand an oscillo¬ 
graph record 8 measured within a few hundred feet of a stroke to this 
same line shows a rate of rise in the order of 1,500 to 2,000 kv per 
microsecond. Had there been a substation close by, the front at the 
apparatus.quite likely would have suffered some reduction due to the 
station capacitance. There have been indications of steeper fronts 
appearing bn wood-pole lines with no ground wire as the result of 
direct strokes to the line conductors and the high insulation level of 
the line. A rate of rise apparently as high as 5,000 kv per micro¬ 
second seems to have been measured. 4 

While abroad this past summer, the writer had the occasion to 
discuss with various investigators the problem of the probable rate 
of rise of lightning. One of the more important field studies in this 
connection has been the investigation in Switzerland under the 
direction of Doctor K. Berger.* Oscillograph records taken at one 
important substation which connects to a 150-kv line and where an 
80-kv line terminates, have not to this day indicated fronts up to 
1,000 kv per microsecond, though direct strokes on the lines have 
rather frequently occurred. In an interesting analysis prepared for 
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IEC, # Doctor Berger calls attention to the possibility of impulse 
voltages attaining a rate of rise as high as 5,000 kv per microsecond— 
figure representing the upper limit, such as in the case of a severe 
direct stroke to the line conductor. These impulses attenuate 
rapidly and as stated above the station capacitance would contribute 
also in reducing the steepness. For lines properly shielded with 
ground wires and having reasonably low tower-footing resistance, 
even in the case of a back flash onto the line a rate of rise steeper 
than 1,000 kv per microsecond does not appear probable.® With 
due weight to the investigations and experiences on lightning-stroke 
phenomena both here and abroad, in my opinion the 1,000 kv per 
microsecond rate of rise for testing transformers is as sound a figure 
as our present knowledge will permit. 

The tests on distribution and power transformers with steep im¬ 
pulses such as shown in figures 2 and 3 mark quite a step in the 
progress of insulation co-ordination. In view of the greater diffi¬ 
culty steep-front impulse testing should however, be considered 
more in the nature of a type test. Somewhat greater tolerance 
should, for the present at least, be recognized in making such tests 
as compared to the standard AIEE tests on full wave and waves 
chopped on the tail. 7 
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to be 240 kv. In accordance with the latest recommendations of 
the transformer subcommittee, the chopped-wave crest for this 
class is 130 kv, resulting in a factor of safety of 240/130 = 1.85. 
For the 92-kv class the impulse injurious corona level is 680 kv, and 
the chopped-wave crest value is 515 kv, giving a factor of safety of 
680/515 - 1.32. 

No mention is made of the method used to determine the point 
of initial corona under impulse test. Injurious corona can be de¬ 
tected by markings, but initial corona supposedly is non-injurious to 
the material and would leave no mark; hence an outline of the 
method used would be of interest. 

J. H. Hagenguth (General Electric Company, Pittsfield, Mass.): 
Mr. Montsinger clearly points out the necessity of differentiation 
between an impulse test made with a 1.5 x 40 wave and a wave 
having a rate of rise of say, 1,000 kv per microsecond. Whether or 
not steep-front tests are desirable and what rate of rise should be 
used for transformers of different voltage classes has to be decided 
on consideration of actual lightning fronts (information of which is 
meager) and on tests such as described in the paper. If practical, 
these tests should be supplemented by steep-front tests to establish 
volt-time curves for turn, coil, and major insulation. 

Several front-of-wave tests have been made on a commercial basis 
by the laboratory with which I am connected. The results of these 
tests were satisfactory from the point of view that failure did not 
occur. The kilovolt ratings of the windings tested, and the impulse 
voltages applied are given in table I of this discussion. At present, 
no method of definitely detecting small failures, such as turn-to-tum 
failure or coil-to-coil failure is available. My experience has shown 
that normal-frequency voltage applied to experimental transformers 
has never resulted in follow currents although failure due to impulse 
was detected by other methods. This type of failure, however, is 
progressive and finally will cause a normal frequency short circuit, 
when the failure path is sufficiently carbonized. In transformers 
with uniform voltage distribution the front-of-wave test limits of 
figure 10 of the paper apply probably for the transformer as a unit 


L. H. Hill (Allis-Chalmers Manufacturing Company, Milwaukee, 
Wis.): Mr. Montsinger's paper is worthy of considerable interest. 
When it is realized that the data in his paper represent approxi¬ 
mately 10,600 impulse tests, the difficulty of obtaining reliable data 
relating to impulse phenomena may be better appreciated. 

After considering the data submitted by Mr. Montsinger, a few 
questions arise. These refer to figures 6, 7, and 8 in the advance copy 
of the paper. It will be noted the ordinates of the curves are labeled 
"kv crest.” From this, one assumes the 60-cycle values are also in 
crest kilovolts. 

Consider, first, figure 6, which represents an insulating barrier for 
a 15-kv class transformer. The AIEE low-frequency dielectric 
test for this class is 34 kv effective, or 48 kv crest. Assuming the 
plotted 60-cyde corona and breakdown values as crest kilovolts, 
it is found the factor of safety or ratio of 60-cyde initial corona to low 
frequency didectric test is 137/48 — 2.85. This appears to be a rea¬ 
sonable factor of safety. 

Upon going to figure 7 and the 92-kv dass of insulating barrier, 
a different picture develops. For this dass the low frequency di¬ 
dectric test is 185 kv effective, equivalent to 261.2 kv crest. Mr. 
Montsinger's data give the 60-cyde initial corona point as 275 kv, 
which gives a factor of safety of 275/261.2 = 1.05, a value which 
seems too close for 100 per cent assurance against damaging the in¬ 
sulation even before the transformer has left the manufacturer's 
shops. 

Because of the wide spread between impulse injurious corona and 
one-shot breakdown, it is of course essential to design transformers 
using the injurious corona as the impulse strength of the transformer. 
If encroachment is made into the region above the injurious corona 
levd, damage may be done without knowing it. As the transformer 
must withstand the crest value of the chopped wave when sub¬ 
jected to an impulse test, it is essential to regard this figure rather 
than the lower full-wave impulse shot as the one determining the 
impulse ratio. 

Referring to figure 6, the impulse injurious corona levd is found 



wave/ negative polarity/ for 1/000 kv per microsecond rate of rise 

Wave 1—On the basis of average rate of rise 
Waves 2 and 3—On the basts of effective rate of rise 
Qjrve A—Volt-time curve for 30-inch rod sap obtained with 1.5 X 40 wave 
Curve B —Volt-time curve for 30-inch rod sap obtained with practically straight-line 
voltage rise, flashover on the risingfront 
Curve C—Volt-time curve of transformer insulation, 138-kv voltage class 
Curve D —Volt-time curve of 25.5-inch rod gap obtained with 1.5 X 40 wave 
Straight lines indicate rate of voltage rise In kilovolts per microsecond 
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since turn insulation exhibits characteristics similar to the sample 
barriers tested. Transformers with poor initial voltage distribution 
would be subjected to considerably higher internal stresses during 
the steep front test than during the present standard AIEE. A 
point of some concern is the method of testing with steep-fronted 
waves. 

1. Voltage Measurement 

At short times to flashover the flashover voltage measured by 
different laboratories for a given spacing and time to flashover differs 
by 20 per cent and more. This is mostly due to the use of diff erent 
types of voltage dividers. It appears, therefore, doubtful, that a 
test standard could be devised on the basis of flashover voltage of a 
rod gap, at present, because this would definitely mean that trans¬ 
formers of different manufacturers were receiving tests of different 
severity. Similarly, of course, it seems quite impossible to use the 
rate of rise of the wave as a standard measure, since this in turn 
would imply a more exact knowledge of the actual flashover voltage. 

2. Rod-Gap Method (Temporary Expedient) 

For the reasons stated above, rate of rise does not appear as a 
satisfactory yardstick for impulse testing at present. However, 
rod-gap spacings can be specified for the various voltage classes 
of transformers which have been found by experience to be capable 
of limiting the applied voltage to a maximum voltage value. The 
spacing alone would not suffice to assure application of similar voltage 
waves to a transformer by different manufacturers (as will be shown 
later) and it is necessary to specify the maximum time to flashover 
to be measured by a cathode-ray oscillograph. Irrespective of the 
type of divider used, the time to flashover will be measured with 
almost equal accuracy and a test specification of this type should, 
therefore, yield uniform test results by all manufacturers. The 
principal objection against the use of rod gaps in the present standard 
was that its flashover voltage varies greatly with humidity. The 
humidity effect is less objectionable for front-of-wave tests since at 
short times to flashover the humidity correction is greatly reduced. 
For instance, at 0.5 microsecond, the correction seems to be zero, at 
2 microseconds it is only a fraction of the correction for the 1.5x40 
wave. 

This type of testing, of course, is very crude and reminds one of 
the early beginning of impulse testing, where rod gaps were used 
for similar reasons. It, therefore, should be considered only as a 
transitory measure to be replaced by volt-time measurements as 
soon as standardized voltage measurements and short-time flashover 
values of gaps and insulators are agreed upon by the EEI-NEMA 
laboratory group. 

At that time sphere-gap spacings should perhaps be used rather 
than rod gaps, although this would mean the use of two different 
types of gaps during a complete impulse test. For waves of the 
present standard test requiring a chopped wave with flashover oc¬ 
curring at a specified minimum time the sphere gap would be un¬ 
suitable, at least for voltage classes of 25 kv and up. Considerably 
more information will be required of short-time flashover voltages of 
small spheres and the use of ultraviolet light to diminish the time lag 
and erratic arcing. 

I would like to emphasize at this time, however, that it appears 
advisable even now to definitely standardize on one definition of 
voltage rise, and that is average rate of rise, whether sphere gaps or 
rod gaps are used for chopping the wave. At present, two are in use 
as defined in the paper: average rate of rise and effective rate of 
rise. The use of the latter term leads to confusion and lacks pre¬ 
cision as will be explained by the use of figure 4 of the discussion. 
For illustrative purposes this figure has been drawn for a 30-inch 
rod gap. Curve A represents the volt-time curve of a 30-inch rod 
(as recommended for front-of-wave testing for 138 kv rated circuit 
voltage) obtained with a 1.5x40 wave. Curve B represents the 
volt-time curve of a 30-inch rod gap obtained with waves rising at 
substantially a uniform rate of rise. Curve C represents the safe 
voltage limits for power transformers of the 138-kv voltage class. 
Curves A, B t and C were obtained using the same methods of meas¬ 


urement and are, therefore, directly comparable. Superimposed 
on these curves are straight lines representing different mtes of rise. 
The question of average and effective rate of rise would fie irrelevant 
if the wave fronts applied to the test piece were straight lines, be¬ 
cause then the voltage and time to flashover would be the same using 
either definition. However, waves usually obtained ate of the form 
shown by curves 1, 2, and 3. Curves 2 and 3 represent waves, both 
of which have an effective rate of rise of 1,000 kv per microsecond. 
The straight line represents another front at 1,000 kv per micro¬ 
second and, therefore, the following values of flashover voltage and 
time to flashover could be obtained for waves of the same rate of rise 
on the front. 

This table, I believe, shows clearly that the effective rate of rise 
is too loose a term and cannot be used as a standard of measurement, 

Table II 

PlashoTer Per Cent 


Ware Voltage Time Kttorolta 


1 . 1,070.1.07.100 

2 . 900.1.6 . 84 

3 . 700.2.87 . 65.0 


especially since it can lead to a condition where steep-front waves 
of the required rate of rise are applied, but the amplitude is decreased 
by making the time to flashover long. For instance, the flashover 
voltage of curve 3 of figure 4 (this discussion) would actually be lower 
than the specified chopped wave voltage of the present standard 
test with 1.5x40 wave. 

On the other hand, the use of average rate of rise establishes defi¬ 
nite limits. For instance, curve 1, figure 4 (this discussion) rep¬ 
resents a typical wave which would be applied during a test speci¬ 
fied by average rate of rise of 1,000 kv per microsecond. The 
flashover voltage with this definition cannot be made to be materially 
lower than, 1,070 kv but rather can be increased by straightening 
out the wave front to reach a possible maximum of 1,240 kv. In 
this case, therefore, the bend over of wave front is entirely beneficial 
to the transformer as far as the amplitude of the voltage is concerned 
and yet the flashover voltage cannot be lowered materially without 
obtaining too low a rate of rise, Le., if the kilovolt value were reduced 
to 1,000 kv (flashover at 1.26 ^microseconds) the rate of rise would 
be reduced to 800 kv per microsecond which would be too low to con¬ 
form with specifications. 

A further advantage of the use of average rate of rise is that it can 
be obtained from any volt-time curve by simply dividing the flash- 
over voltage by the time to flashover, while the use of effective rate 
of rise requires entirely separate curves which will be a function of 
the bend over of the curve as illustrated by curves 2 and 3, figure 
4 (this discussion). For instance, curve B of figure 9 of the paper 
applies only to one particular wave front used. Any number of 
such curves could be drawn, the highest one would coincide with 
curve A while curves with flashover voltages lower than B would be 
entirely possible. 

It appears, therefore, necessary that in the final standard for front- 
of-wave testing, crest voltage and time to flashover or crest voltage 
and average rate of rise be specified and that the use of effective 
rate of rise be discontinued. 

Concerning the rod-gap spacings to be used at present for front-of- 
wave tests, figure 4 (this discussion) shows that if average rate of 
rise is used a rod gap spacing of 25.5 inches (curve D, figure 4, this 
discussion) is required to limit the flashover voltage to 950 kv. This 
checks values given in table III of the paper. If a rod-gap spacing 
of 30 inches is used as shown in the paper for effective rate of rise, the 
flashover voltage should be limited to about 755 kv in order not to 
exceed the safe limits of the transformer. The time to flashover in 
this case would be approximately 2.4 microseconds. This test, 
therefore, would, practically speaking, be exactly the same as the 
chopped-wave test of the present Impulse Test Standards. There¬ 
fore, if the gap spacing of 30 inches is used, either the safe insulation 
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limits are exceeded by up to 25 per cent or if the voltage is kept below 
the safe limits of the transformer, the value of the test is doubtful, 
since the only difference from the present chopped wave is the steeper 
front. 

F. J. Vogel (Westinghouse Electric and Manufacturing Company, 
Sharon, Pa.): Mr. Montsinger has made a real contribution in fur¬ 
nishing data on the strength of insulation under oil. Such tests as 
those described are indeed difficult and expensive to make. By in¬ 
creasing our knowledge of the behavior of materials, we are provided 
on the one hand with information necessary to determine what is 
possible, and on the other hand how to accomplish these possibilities 
with reasonable factors of safety in actual designs. 

When data are furnished, it is usually possible to draw many di¬ 
verse conclusions from it. It is often dangerous to draw conclusions 
from another’s data but nevertheless there are certain interpretations 
of Mr. Montsinger’s tests which are of great interest and it seems to 
me that they should be noted. 

Barrier C is indeed an approximation of 15-kv transformer major 
insulation, except for the extension of the barrier beyond the coil. 
It is my impression that in actual transformers, the extension is of 
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Figure 5 

A —Data for barrier C, 
13.8-kv Insulation, Mr. 
Montsinger’s paper “Co¬ 
ordination of PowerTrans- 
formers for Steep-Front 
Impulse Waves/’ figure 6 

B —Data for five-and-three- 
quarters-lnch rod gap, 
negative waves 


the order of one or two inches for the 15-kv class; it is believed that 
this extension is not generally sufficient to result in puncture, but 
that the insulation would fail by creeping around the barrier. In 
Mr. Montsinger’s paper this extension was 13 or 14 inches, sufficient 
to result in a puncture of the barrier C in the tests. However, taking 
the full-wave value of 240 kv as correct for 15-kv insulation, it is 
possible to show certain relationships. My figure 5 shows time- 
voltage values for the five and three-fourths inch gap as determined 
in Sharon, compared directly with Mr. Montsinger’s curve figure 6. 
There is a margin of 30 per cent between these curves, even at ex¬ 
tremely short times. This curve indicates to the writer that it 
might be possible economically to make transformers of this type 
of construction completely co-ordinated. Barrier C is typical, 
depending upon the manufacture, of transformers insulations up 
to 46 kv, except for the amount of extension. The barrier thick¬ 
ness will, of course, vary up to one or one and one-half inches or more. 

Barrier D is described as typical of approximately 92-kv class in¬ 
sulation, tested at 185 kv root-mean-square. It is to be noted 
that 275 kv crest is 194 kv root-mean-square; 275 kv crest at 60 
cycles is the maximum voltage which barrier D will withstand with¬ 
out injurious corona. If the insulation in an actual transformer, 
is not to be injured on test at 185 kv root-mean-square, there must 
be a margin in the design. According to table II, row 3, the in¬ 
sulation would withstand without corona, full waves of 680 times 
185 divided by 194 or 650 kv, with the designer’s margin. One 
might reduce this value somewhat further by talcing the lowest 
value for injurious corona instead of the average value which would 
reduce the figure to 590 kv. The data on figure 7 may then be re¬ 
drawn as shown in figure 6 to be representative of 92-kv class in¬ 
sulation. For comparison, a curve givep by Mr, Hagenguth for a 


20-inch gap, published in the January issue of Electrical Engi¬ 
neering, is also shown. This would indicate that a 20-inch gap 
could protect a 92-kv transformer against extremely high voltages 
for extremely short times, even for direct strokes of lightning. It is 
to be noted that barrier D is similar to the insulation generally used 
in the 69-kv class and above and similar relationships should hold. 
This would tend to confirm Mr. Montsinger's opinion that it is im¬ 
practical to build completely co-ordinated transformers when a gap 
alone is to be relied upon. 

The results of tests on barrier D only confirm my opinion further 
that higher impulse strengths should be obtained than those at pres¬ 
ent standardized for the higher voltage classes. Data published 
by the writer has been chiefly on the basis of interleaved insulation 
similar to barrier D and typical of actual transformer insulation. 
Mr. Montsinger’s data also show 2.2 to be a fairly average value for 
the ratio between impulse and 60-cycle breakdown and corona volt¬ 
ages for interleaved insulation. Under these circumstances, it is 
difficult to see why a 570 kv is not a more reasonable value for im¬ 
pulse-testing 92 kv insulation than the present AIEE subcommittee 
recommendations of 515 kv. This is particularly true when the 
higher value is desirable from the standpoint of obtaining protec¬ 
tion under the worst conditions. Whether Mr. Montsinger is cor¬ 
rect or not in stating that there is no definite impulse ratio that ap¬ 
plies to all voltage ratings of transformers, he has at least furnished 
confirming evidence that ratios of 2.2 or higher can be obtained with 
some constructions. Further it would seem that the impulse 
strength is really the important one from the service standpoint and 
that the 60-cyde test is relatively unimportant. If present impulse 
test values are retained, it would seem that the 60-cycle test values 
might be abandoned or at least reduced in order to provide a greater 
degree of flexibility for the designer. 

It is difficult to see how it is possible to change the gap values as 
much as Mr. Montsinger states when using effective values as com¬ 
pared with average values. Referring to figure 7 in my discussion, 
a sample oscillogram is shown and the two methods of interpreta¬ 
tion described by Mr. Montsinger are illustrated. These data can 
be plotted on the curve using either average or effective times. 
This curve shows how a higher voltage will be obtained for a given 
rate of voltage rise using the average value. Assuming that these 
curves apply for a rod gap, is there any reason to believe that similar 
curves do not apply to transformer insulation? If so, figure 8 shows 
what might be obtained for transformer insulation. Mr. Mont¬ 
singer, in his method of deriving gap lengths, is really comparing 
volt-time curves for gaps with similar curves for transformer in¬ 
sulation. If average values are used to compare results, it is seen 
that we obtain approximately the same length as obtained by Mr. 
Montsinger. If we compare the effective values for the rod gap 
with the average rate-of-rise data for the insulation, we find that 
the gap can apparently be increased. The writer does not believe 
this to be actually the case. It is suggested that to prove this, it 
might be desirable to test insulation, protected by a rod gap, with 
different shapes of waves to see if there is really a difference, as 
Mr. Montsinger believes. It would be desirable for another reason 
also. Those customers desiring tests with gaps and steep-wave 


Figure 6 

/—Data for barrier re¬ 
duced to 92-kv class, 
Mr. Montsinger’s paper 
“Co-ordination of Power 
Transformers for Steep- 
Front Impulse Waves/* 
figure 7 

B —Data from maximum 
values for 20-inch rod 
gap (positive or negative), 
Mr. J. Hi Hagenguth’s 
paper “Short-Time Spark- 
over of Gaps/’ figure 14, 
ELECTRICAL ENGI¬ 
NEERING January 193 
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Figure 7. Data for 
11 -inch rod gap, 
showing effect of 
method of scaling 
oscillogram on time- 
voltage curve 



Figure 8. Data for 
69-kv transformer 
insulation, from pro¬ 
posed method given 
in Mr. Montsinger's 
paper 


fronts intend to use the gap as a protective device. They are not 
therefore, interested in voltage and time values but only in proof 
that the co-ordination actually works. Therefore, it is believed 
that it is desirable to use the gap directly and avoid the use of volt¬ 
time curves for this purpose. 

There is still another suggestion, that is, that tests on sample 
transformers under these conditions are desirable. When the test 
values of 860 and 1,430 kv were proposed for 138- and 230-kv trans¬ 
formers respectively, transformers had been given endurance tests 
to see that these values could be withstood, and likewise tests with 
steep-wave-front waves on sample transformers are desirable before 
values actually withstood can be stated without question. 


transformer insulation under impulse stresses, information which 
formerly had been qualitative became quantitative. We now find 
in Mr. Montsinger's paper definite suggestions for applying front-of- 
wave impulse tests at voltages considerably higher than the present 
full or chopped-wave tests. Such tests should demonstrate in a 
practical way that the short-time insulation str eng th which is now 
supposed to be built into the transformer is act ually there. These 
suggestions, I am sure, will prove extremely valuable in setting up 
a test procedure for standardizing front-of-wave tes ting on trans¬ 
formers, a subject the transformer subcommittee has been actively 
working on for more than a year. Further, I thoroughly agree with 
Mr. Montsinger that front-of-wave testing be set up on a voltage 
and time basis which are de fin ite units of insulation measurement 
rather than by specifying inches of gap, thus leaving the gap as a 
useful test device to chop the wave on the front, as may be specified. 

Both Messrs. Montsinger and Vogel have encountered the same 
difficulty in carrying on their test work, namely, entrapped air in 
the insulation which has not received special treatment. The special 
treatment used by the authors, assembly under oil, vacuum treat¬ 
ment, tapping of the assembled sample to remove this air and thus 
increase the impulse strength leads directly to the question, why 
should it not be possible to increase the impulse strength of com¬ 
mercial oil-insulated transformers by admitting oil to the tank 
while the winding is still under vacuum? This of course leads to 
the next question: if this procedure were followed would it be pos¬ 
sible in the field to change and filter the oil without breaking the 
vacuum, or without more than temporary reduction of impulse 
strength resulting from the oil change? 

Could the authors give us any indication of how much, or what 
percentage, increase in impulse strength of transformer insulation 
it is possible to obtain by this oil filling under vacuum as compared 
with nonvacuum filling? Possible increase of insulation strength 
of transformers by a change of oil-filling procedure such as this may 
well be worth considering. 

It is to be hoped the authors of both papers will continue their 
valuable researches on transformer insulation particularly in the 
short time region of the volt-time characteristic where a great 
of speculation has existed in the past, but altogether too little ac¬ 
tually known to the point where it could be verified by test. 


V. M. Montsinger: I believe the reason that Mr. Bellaschi gets 
a smaller difference in gap spacing for different rates of voltage rise 
(of, say, 750 to 1,500 kv per microsecond) th an the data in my paper 
indicates, is because the Pittsfield gap volt-time curves probably 
have higher kilovolt values for short times than his volt-time curves 
have for the sa m e gap spacing. In other words, the turn-up may 


Table III 


I. W. Gross (American Gas and Electric Service Corporation, New 
York, N. Y.) [Editor’s Note: This discussion covers also “Corona" 
Voltages of Typical Transformers for Steep-Front Impulse Waves, 
J p Vogel. EE, Jan. *38, Trans, p, 34—8.]*, These two papers 
comprise a valuable contribution to the better understanding of the 
impulse strength of material typical of that used in transformers. 

It was not so many years ago that those familiar with transformer 
design and construction were recommending the protection of trans¬ 
formers with air gaps as such, or in the form of insulator strings, on 
the basis that the volt-time characteristic strength of the transformer 
insulation and the gap were essentially the same. Experience in 
the field and laboratory investigation soon showed definitely that 
this was not the case. The pendulum then swung in the opposite 
direction, and the transformer strength against lightning was de¬ 
picted, for protection considerations at least, as being a fixed voltage 
value regardless of the volt-time characteristic of the lightning wave. 
Application of transformer protection on this basis placed heavy 
and perhaps unwarranted responsibility on the protective device 
by not utilizing the inherent strength of the transformer insulation 
at short time lags. 

As research progressed into the more detailed characteristics of 
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Applied 


Voltage 

Gap 



(Per Cent of 

Spacing 


Time 

Full Wave) 

(fitches) 

Kilovolts* 

(Microseconds) 

100. 

..20.5 . 

_356_ 

5 5 

135.. 

.46.5 . 

....371. 


208.. 

..13.7 . 

....447.. 


350. 

..10.5 . 

....447. 


500**. 

.. 6.26. 


n *5 \ 



* By sphere gap. 

** Zero series resistance in generator circuit. 


be somewhat more. Figure 9 of this discussion shows volt-time 
curves of a 25-inch rod gap and a transformer winding (same shape 
as curve in figure 10) having an insulation level for a standard 138-kv 
circuit. It will be seen that there is quite a difference in their slopes 
which does not seem to bear out Mr. Bellaschi's expectations that 
once the correct schedule of gaps has been established, co-ordination 
for the shorter or longer waves would be established. This question 
is best answered by citing the results of tests made about five years 
ago (table III, reference 1) when a one-half inch pad of insulation 


Montsinger—Co-ordination of Power Transformers Electrical Engineering 



























3 iooo 


T 

P 





Figure 9. Volt-time curves of trans¬ 
former insulation and a rod gap; 1.5 
x 40 negative waves 
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(same as barrier B) was impulse tested in parallel with a rod gap. 

The following tabulation shows to what extent the rod gaps had 
to be shortened as the wave fronts became steep by applying more 
and more overvoltages. In each case the gap was adjusted such 
that its flashover on the wave front was equal to the single-shot 
breakdown of the pad of insulation. « 

A study of the oscillograms taken at the time these tests were 
made shows the following results given in table III. 

The above tests show conclusively that to protect even a low-voltage 
transformer, the gap spacing must be rapidly reduced as the wave 
fronts become steeper. In other words, any one gap spacing will 
have an impulse strength equal to the insulation over a very narrow 
range of time. 

Mr. Gross* question about the increase in impulse strength of 
transformers by admitting oil to the tank with the windings under 
vacuum, is a difficult question to answer except in a general way. 
It is the air pockets entrapped in or under the insulation structures 
and not the air in solution (of the oil) that cause trouble. The 
seriousness of air pockets in series with oil and solid insulation in a 
highly stressed electric field can be appreciated when it is remembered 
that the voltage stresses are in the inverse ratio of their permittivi¬ 
ties; i.e., the stress in volts per mil on the air, is approximately 2.2 
times the stress in volts per mil on the oil and approximately 4.4 
times the stress on the solid, while the dielectric strength of air is in 
the order of one-fourth to one-sixth that of oil and solid. Any air 
pockets in series with oil will, therefore, reduce the breakdown of 


the oil in the order of eight to ten times because when the air be¬ 
comes ionized and breaks down, the oil breakdown follows. It is, 
therefore, out of the question to economically design transformers to 
withstand high impulse voltages with air pockets in the insulation 
under high stress. 

Since the air in solution is not harmful to the dielectric strength 
of oil (and if the air pockets have been previously removed from 
the insulation) very little would be gained in the field by changing 
and filtering the oil under vacuum. Of course, if the oil were drained 
out of the transformer, air pockets most likely would be introduced 
when refilling. If the air pockets are adjacent to the oil in circula¬ 
tion under load conditions, they are absorbed in a few hours after 
the transformer is put in service. Their temporary presence is not 
harmful if the transformer has been in operation a few hours before 
being subjected to a high impulse voltage. 

Mr. Hagenguth’s discussion of average versus effective rate of 
rise emphasizes the importance of eliminating, if possible, the bend- 
over of the voltage chopped by the gap. If the bend over is elimi¬ 
nated, and there is reason to believe it can be reduced to a negli¬ 
gible value by using sphere gaps to chop the wave and proper cir¬ 
cuit constants, the question of “average rate of rise” versus “effec¬ 
tive rate of rise” is done away with, and the testing is simplified. 
The reason so much space was devoted to this question in the paper 
was because we are at present being asked to use rod gaps to chop 
off the wave in front of wave testing of transformers. 

Regarding Mr. Hill’s discussion, the 60-cycle kilovolt values shown 
on figures 6, 7, and 8 are the crest values. 

As to barrier C representing a 92-kv (185-kv low-frequency test) 
transformer, this barrier represents merely the type of insulation 
used in a 92-kv transformer. No importance should be attached 
to its actual kilovolt strength. 

The method used in determining the initial corona was by obser¬ 
vation—in a dark room. It is true that initial corona may not be 
injurious. It is more difficult to determine when corona becomes 
injurious than to detect initial corona. The most satisfactory 
method of detecting damaging corona, particularly on the coil in¬ 
sulation, was to lower the voltage to the highest value that pre¬ 
viously had not shown any corona. If corona appeared it was evi¬ 
dent that the coil insulation was damaged. Damage to the pad it¬ 
self did not occur until after the insulation on the small coil was 
injured. Injury to the pad (if the test was continued up to this 
point) did not mean anything. When using bare electrodes injury 
to the pad had to be determined by removing from the oil and ex¬ 
amining it for tracking. 
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Distribution Transformer Lightning-Protection Practice—II 


By L. G. SMITH 

FELLOW AIEE 


T O DETERMINE the relative effectiveness of various 
methods of protecting distribution transformers from 
lightning an annual survey of operating companies 
was initiated in 1934 by the transmission and distribution 
committee of the Edison Electric Institute and continued 
through 1935 and 1936. In 1934 operating data were 
obtained from 38 companies, in 1935 from 43 companies, 
and in 1936 from 41 companies. The results for 1934 
were presented in a previous paper. This paper presents 
a summary of the data for the three years and draws 
conclusions therefrom. It is only by collecting such data 
from a number of companies for numerous installations 
for a number of years will conclusive data be obtained 
so that annual variations in storm frequency and severity 
will be averaged. It is planned to continue the collection 
of these data for several years. In the future it is hoped 
that data for a sufficient number of years will be obtained 
from each company so that the troubles may be weighted 
by the isokeraunic level of each territory served. 

Conclusions 

Based upon the data collected, the following conclusions 
appear to be justified: 


important single factor influencing the degree of lightning protection 
rendered. It is believed that a large part of the improvement noted 
by the use of solid interconnection results from the lower values of 
ground resistance that exist when the interconnection is made. 

6. Irrespective of the type of protection the trouble rates seem to 
be higher for the higher distribution voltages. 

7. There is no apparent trend of the effect of the type of protection 
upon the location of transformer- winding failures. On the average 
35.2 per cent of the failures involved the primary only, 11.3 per cent 
involved the secondary only, and 53.5 per cent involved both the 
primary and secondary. 

8. There seems to be a growing tendency to install secondary 
arresters on customers* premises. 

9. It is believed that the higher the fusing schedule, the lower will 
be rate of primary fuses blown. 

10. In the case of all types of protection a higher rate of primary 
fuses blown exists when the arrester is installed on the transformer 
side of the fuse. 

11. The rates of primary fuses blown per 100 transformers are 
practically the same irrespective of whether one or two fuses per 
transformer Are used. 

12. The practice of grounding transformer tanks is growing. 

13. The amount of attention paid to obtaining low resistance of 
arrester grounds is not as great as the data warrants except for solid 
interconnection. 


1. Insofar as the rate of primary fuses blown the various protection 
schemes fall into the following relative order of effectiveness with 
not much choice among the last three named: 

First: The various methods of solid interconnection of which 
the solid interconnection with tie to case seems the best followed 
by the conventional solid interconnection and the common 
primary and secondary neutral schemes. 

Second: The type SP transformer. 

Third: The three-point connection. 

Fourth: The standard connection. 

Fifth: The gapped interconnection. 

2. In protecting against transformer-winding failures the relative 
order of merit is not dear due to inconsistencies in the data. How¬ 
ever, it is believed that the newer methods of lightning protection 
are better than the standard connection with the exception that 
the three-point connection and the gapped interconnection are 
practically no better. 

3. The data indicate that lightning-arrester failure rates are lower 
for the types of solid interconnection and type CSP transformer 
than for the standard connection. 

4. Solid interconnection does not seem to increase the number of 
meters burned out or troubles oh customers* pr emis es. 

5. The ground resistance of lightnin g-arrester grounds is the most 

'srsTSK protectiv « 
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various methods of Lightning Protection 

The various protective schemes considered in this 
survey may be classified as follows: 

1. Standard connection (figure 1) in which the lightning-arrester 
ground is not interconnected with the secondary neutral. In the 
case of three-phase four-wire systems the ground lead is usually tied 
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with the primary neutral through a gap. In some cases the trans¬ 
former tank is grounded. 

2. Various types of interconnection classified as follows: 

(a) Solid interconnection (figure 2) in which the arrester ground 
lead is interconnected with the secondary neutral. The following 
sub-classification exists: 

(1) No tie to the transformer tank (conventional type); 

(2) The transformer tank tied solidly to the ground lead as 
in figure 3. 

(3) The transformer tank tied through a gap to the ground 
lead as shown in figure 3. 

( b) Common primary and secondary neutral (figure 6) which is 
obviously similar to the solid interconnection. There may be 
three types of this scheme as follows: 

(1) Transformer tank ungrounded. 

(2) Transformer tank solidly grounded. 

(3) Transformer tank grounded through a gap. 



(c) Gapped interconnection in which the arrester ground is inter¬ 
connected with the secondary neutral through a gap. This 
scheme may be divided into the following subclasses: 

(1) No tie to the transformer case (figure 4). The conventional 
type. 

(2) The transformer tank tied solidly to the ground lead 
(figure 5). 

(3) The transformer tank tied through a gap to the ground 
lead (figure 5). 

(4) The three point connection (figure 8) in which the ground 
lead is connected to the tank through a gap and the arrester 
lead connected solidly to the tank the secondary neutral being 
connected to the tank through a gap. 

3. Type SP transformer (figure 7) in which self-clearing spark gaps 
(deion gaps) are used instead of lightning arresters. It is essentially 
a gapped interconnection with the tank grounded through a gap 
and the connections are similar to the three-point scheme. 
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Table I. Summary of Operating Data by Company and by Year 

Standard Connection—Figure 1 
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Table I (Continued). Summary of Operating Data by Company and by Year 

Standard Connection—Figure 1 
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Table II. Summary of Operating Data by Company and by Year 

Solid interconnection—Figure 2 
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Type or Territory by Percentages 
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4. Type CSP transformer (figure 9) which is similar to the type 
SP transformer except a secondary breaker is used and a high-rating 
fuse link is installed in the transformer. The intention is that no 
primary fuse be used. 

In each of the protection schemes described, except the 
type SP and CSP transformers, the primary fuse or 
fuses may be installed on either the line or transformer 
side of the lightning arresters. On three-phase four-wire 
systems except for type SP and CSP transformers the 
lightning arrester ground is interconnected with the 
primary neutral usually through a gap whereas on three- 


wire systems two arresters and primary fuses are used* 
These alternatives are indicated on figures 1 to 5 and 8. 

Operating Results 1934-1935-1936 

Detail Data by Companies 

While the data collected have been summarized to 
draw various comparisons in the tables of this paper it 
is believed the principal value of a paper of this type is 
to include the detail data submitted by each operating 
company so that the information can be set up to draw 
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Table II (Continued). Summary of Operating Data by Company and by Year 

Solid Interconnection—Figure 2 
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any comparison desired. The data submitted by each 
company for the three-year period have been included in 
tables I to IX. Each table covers a type of protection. 

All failures and primary fuses blown are those attributed 
to ligh tning . All rates of trouble are the number per 
100 transformer installations. Primary fuses blown are 
exclusive of those blown by arrester or transformer failures. 

Comparison of Various Schemes of Protection 

In tables X, XI, and Xll the data have been sum¬ 
marized for the three years. Since in 1935 and 193b 

Am 1938, VOL. 57 Smith-Lightning ProMion 


the data was obtained in more detail, tables XIII, XIV 
and XV have been prepared covering average data for 
these two years. Since the reports for many companies 
did not segregate operating data by types of territory 
tables X and XIII represent a greater number of installa¬ 
tions than the sum of those represented in the component 
tables covering rural and more thickly populated terri¬ 
tories. In the s umm ary tables, i.e., X to XXIV, the 
average number of transformer installations in each case 
is the average of the total installations for the years 
covered in each table. However, the trouble rate for 
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Table III. Summary of Operating Data by Company and by Year 

Solid Interconnection With Tie to Case—Figure 3 
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Table I V. Summary of Operating Data by Company and by Year 

Gapped Interconnection—Figure 4 
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each item of trouble is determined by taking the sum of 
troubles for each item for the period under consideration 
as a percentage of the sum of the installations on which 
data were reported for that item. Since very few com¬ 
panies failed to supply data for primary fuses blown, 
transformer winding failures, and lightning arrester 
failures, the trouble rate in each of these cases may be 
considered as based upon the average of the total number 
of installations shown in the tables. However in the 
case of the segregation of the location of transformer 
winding failures, a number of companies did not supply 


segregated data. Therefore, the sum of the segregated 
rates will not equal the total rates of transformer winding 
failures. 

In comparing the relative rates of primary fuses blown 
using the various protective schemes, a study of tables 
X to XV shows that the schemes using solid interconnec¬ 
tion show the lowest rate of primary fuses blown using 
any of the six bases of comparison. Where sufficient data 
is available to compare the conventional solid inter¬ 
connection, the interconnection with tie to transformer 
tank; and the common primary and secondary neutral, 


Table IV (Continued). Summary of Operating Data by Company and by Year 

Gapped interconnection—Figure 4 















































Table V. Summary of Operating Data by Company and by Year 

Gapped Interconnection With Tie to Case—Figure 5 
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Table VI. Summary of Operating Data by Company and by Year 

Solid Interconnection Obtained by Common Primary and Secondary Neutral—Figure 6 
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the data indicates some benefit of the tie with the tank. 
The common primary and secondary neutral seem to be 
about equally effective as the conventional intercon¬ 
nection. In rural areas the SP transformer ranks next 
to the solid interconnection schemes. In general it is 
believed that three-point protection ranks next. The 



gapped interconnection and the standard connection 
rank last. The gapped interconnection seems no better 
if as good as the standard connection. A possible ex¬ 
planation is that the impulse flashover of the gaps used 
may be as hi gh as the bushing flashover voltages. If the 
secondary bushings flashover on a transformer protected 


Table VI (Continued). Summary of Operating Data by Company and by Year 

Solid Interconnection Obtained by Common Primary and Secondary Neutral-Figure 6 














































Tabic VII. Summary of Operating Data by Company and by Year 

Surge-Proof Transformer—Figure 7 
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Table VII (Continued). Summary of Operating Data by Company and by Year 

Surge-Proof Transformer—Figure 7 
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Table VIII. Summary of Operating Data by Company and by Year 

Three-Point Protection—Figure 8 
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by the standard connection, the effect is similar to the 
action of a gapped interconnection on three-point con¬ 
nection. This may explain why the three-point con¬ 
nection, the gapped interconnection, and the standard 
connection show similar operating results, It is also 
interesting to note that the relative performance of the 
various schemes of protection do not align in their ex¬ 


pected relative order of merit when data on urban and 
suburban installations are compared. Of the 19 com¬ 
panies reporting data on type CSP transformers three 
state that they install primary fuses with them. Of 11 
companies reporting data on type CSP transformers only 
one states that an increase in branch fuses blown was 
noted. 


Table IX. Summary of Operating Data by Company and by Year 

Type CSP Transformer—Figure 9 
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4 

Y 

3 

6.6 

A 

A 

230 

II 

A 

33 

is 

AiY 

25 

MW 

AiY 

4 

z+m 

AiY 

20 

24m 
d 4Y 

30 

1 



4 

Y 

230 

4 

Y 

230 

4 

Y 

2SO 

2444 

MY 

4 

Y 


i 

1 

4 

V 




Failure Data Ftc too Installations 

Primary Fuses Blown 

Ratio Change over Std Connection • % 
Transformer Winding 

Ratio Change over Stv Connection-% 
Primary Only 

Ratio Change ovcit Std Connection % 
Secondary Only 

Ratio Change over St d. Connection % 
Primary i Secondary 

Ratio Change over Std. Connection % 

0 

0 

0 

0 

0 

o 

0 

0 

0 

A 

~ 

O' 

0 

0 

0 

0 

0 

0 

455 

437 

0 

0 

0 

0 

0 

O 

0 

0 

6 

0 

0 

0 

0 

0 

0 

0 

o 

0 

0 

0 

0 

0 

0 

0 

7.53 

99.2 

533 

167 

0 

P 

0 

o 

0 

0 

0 

0 

0 

0 

0 

A ■ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

a 09 
ID! 

909 

71.8 

O 

0 

0 

0 

9D9 

082 


j 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.53 

L72 

, 0 

0 

0 

0 

0 

0 

0 

0 

Ml 

10.7 

0.28 

Zl.6 

0.141 

19.9 

0 

0 

0.14 

2S.5 


0 

0 

0 

0 

O' 

• 4 

0 
■ 4 

0 

0 

0 

0 

0 

0 

0 

4 

0 

0 

0 

0 

0 

0 

0 

4 

0 

4 

0 

4 

0 

4 

0 

0 

0 

0 

0 

* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A 

0 

4 

■ 

0 

A 

0 
' 4 


0 

0 

0.39 

0 

0.19 

026 




Deion Cap 

Ratio Change over Std Connection % 
Customers' me ters Burned Cut 

Ratio Change over Std Connection % 
Customers' Wiring, etc. Damaged 

Ratio Change over Std, Connection X 

Increase Jn Tap or Branch Rises Blown 

* No fbilurts eilhtr connection 

0 

0 

o 

0 

A ■ 

No 

0 

No 

8 

0 

o 

0 

0 

No 

0 

o 

0 

0 

0 

0 

No 

3.33 

71.4 

0 

Q 

0 

0 

No 

\ 

0 

a 

0 

A ' 

0 

4 

No 

| 



Ws jl 

0 

0 

OJ3 

449 

0 

0 

No 

028 

34.4 

0.42 

1981 

0 

0 

Mo 

0 

0 

No 

1 

j 

0 

A 

0 

No 

0 

4 

227 

ZZ3S 

No 

0 

0 

0 

0 

029 

ZOO 

No 

0 

0 

0.17 

54.8 

0 

0 

0.2I 

136 

0 

4 • 

0 

. 4 . 

1 

1 

i 

1 


* Includes cpprcr to b. Nof Birtel/y comparable with fly /. «. Tvnsf's wl fh en. bushng and Onego?. 
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In comparing the relative merit of the various schemes 
of protection in reducing transformer winding failures a 
study of tables X to XV indicates conflicting trends 
which make it difficult to draw definite conclusions. If 
rural installations only are considered the CSP trans¬ 
former shows the best performance with the common 
primary and secondary neutral system next with the SP 
transformers, the three-point connection, the standard 
connection, the gapped interconnection, and the solid 
interconnection following in the order listed. However, 
when urban and suburban installations are considered 
almost the reverse trend is noted in that the various types 
of solid interconnection show the best performance with 
the CSP transformer, the SP transformer, the three- 
point connection, the gapped interconnection, and the 
standard connection following in that order. This lack 
of consistency may be due to the faGt that in all cases 
the rate of transformer-winding failures is so small that 
there is less probability of distinct trends being established 
without collecting data over a number of years. More¬ 
over the age and design of the transformer, the number 
of lightning surges to which it has been previously ex¬ 
posed, the degree of exposure, and isokeraunic level all 
affect the probability of transformer failure. The fact 
that SP and CSP transformers are both relatively new 
and of more modem design is undoubtedly at least in 
part a contributing factor in their good performance as 
well as the protection scheme used on them. It is interest¬ 
ing to note that in both methods of comparison that the 
three-point connection, the standard connection, and the 
gapped interconnection are all grouped together possibly 
for the same reason that was discussed under rates of 
primary fuses blown. In comparing the performance 


of rural installations it is difficult to explain the difference 
in the performance of the common neutral system and 
the solid interconnection as they are essentially the same 
in so far as lightning protection is concerned. It is 
believed that it is safe to conclude that the newer schemes 
are better than the standard connection but with little 
to choose between the three-point connection, the gapped 
interconnection, and the standard connection. 

In considering the effect of the various methods of 
protection on the rate of arrester failures the data are 
somewhat conflicting but show that the CSP transformer 
and the several methods of solid interconnection have 
the lowest failure rates. The three-point connection 
consistently shows the maximum failure rate. How¬ 
ever, this may be due to the small number of installations 
and the fact that most of them were protected by a type 
of arrester with a known high failure rate. Since the 
type of arrester has a considerable bearing upon the failure 
rate, definite conclusions cannot be drawn relative to the 
effect of the type of protection scheme used. However, 
since the failure rates for solid interconnections are not 
higher than those for the standard connection, it can be 
concluded that the fear that has been expressed that 
with solid interconnection a heavier duty may be placed 
on the arrester causing more failures is without founda¬ 
tion. Since in case of type SP transformers a deion-gap 
failure cannot be noted unless the top of the transformer 
tank is removed and an examination made, the practice 
of the companies as to this point was determined. Of 17 
companies reporting this point on type SP transformers, 
seven reported that the tank covers are removed after 
primary fuses are blown. Unless this is done gap failures 
may not be observed. 


Table IX (Continued). Summary of Operating Data by Company and by Year 

Type CSP Transformer-Figure 9 





Table X. Combined Operating Data on Various Methods of Protecting Distribution Transformers From Lightning for 1934 

1935, and 1936 

All Types of Territory 


Failures per 100 Installations 


_ „ _ Average Number 

Type of Protection Installations 


Primary Transformer 
Average Ground Fuses Winding 

Resistance Blown Failures 


Customers’ 

Lightning- 

Arrester Meters Wiring, Etc,, 

Failures Burned Out Damaged 


Standard connection. 

159,138. 

. 00.0 . 

. 0.35. 

.... n 717 

1 if 



Solid interconnection**. 

Gapped interconnection. 

Three-point protection. 

Surge-proof transformer. 

140,738.. 

11,029. 

.13.2. 

.48.8. 

. 1.85. 

. 10.10 . 

.0.350. 

.0.070. 

.0.551. 

.1 Q7 

.0.079 

0 141 

709. 

3,104. 

.34.8. 

.58.2. 

. 5.22..... 
. 5.38. 




.0.304 

* Deion gaps damaged per 100 installations. 

** Includes common-neutral type. 







Table XI. Combined Operating Data on Rural Installations for Various Methods of Protecting Distribution Transformers 

From Lightning for 1934,1935, and 1936 


Failures per 100 TnataH at ton s 



Average 

Average 

Primary 

Transformer 

Lightning 

Arrester 

Failures 

Customers’ 

Type of Protection 

Number 

Installations 

Ground 

Resistance 

Fuses 

Blown 

Winding 

Failures 

Meters 
Burned Out 

Wiring, Etc., 
Damaged 

Standard connection. 

Solid interconnection*. 

Gapped interconnection. 


.93.0.... 

.19.1.... 

.45.3.... 

.9.98.. 

"«••«... 0.20••••«, 
.10.95.. 

.0.730 

0 965 

O f\A 

.0.132 

Three-point protection.. 

Surge-proof transformers.. 

. 890. 

.42.7.... 

.86.5.... 

....... 8.28,»...< 

.7.72. 

,....0.460. 

-0.272. 


. 0 .... 

. 0 .... 

.0.050 


* Includes common primary and secondary neutral. ** Deion gap failures. 


Table XII. Combined Operating Data Upon Various Methods of Protecting Distribution Transformers From Lightning for 

1934,1935, and 1936 

Urban and Suburban Installations 


Failures per 100 Installations 




Average 




Customers’ 

Type of Protection 

Average 

Number 

Installations 

Ground 

Resistance 

(Ohms) 

Primary 

Fuses 

Blown 

Transformer 

Winding 

Failures 

Lightning 

Arrester 

Failures 

Meters 

Burned 

Out 

Wiring, 

Etc., 

Damaged 

Standard connection . 

Solid interconnection*. 


.77.7. 

.9.1 . 

_3.05 .... 

_ 0.989.... 

. 0.204_ 

....0.593. 

n too 

....0.730.... 

1 IK 


Gapped interconnection... 
Three-point protection.... 
Surge-proof transformers.. 


. 50.7 .. 

.. ..33.4 . 

•. .0.02 . 0.455 . 0.451... 

No urban or suburban installations In 1934 
.. .9.25 . 0.453 . 0.153 . 

• . . .1,40 .♦.. 
....1.10 .... 

....0.107...., 



* Includes common primary and secondary neutral. ** Delon gap failures per 100 installations. 


While the data for meters burned out and troubles on 
customers' premises are not conclusive, it can be concluded 
that solid interconnection does not increase the proba¬ 
bility of trouble on the customers’ premises due to light¬ 
ning. 

Effect of Ground Resistance 

Since the resistance of lightning-arrester grounds is 
believed to have a material effect upon the degree of 
protection rendered, the data have been analyzed to 
determine such effects in tables XVI and XVII. In 
the analyses it will be noted while no consistent trend is 
evident that in general the trend of primary fuses blown 
and transformer-winding failures are upward as the 
ground resistance increases. When it is considered that 
the data are analyzed by the average ground resistance 

210 Transactions 


of each company reporting and that this average ground 
resistance is estimated, it is evident that these two tables 
cannot be considered entirely conclusive. However, it 
is believed that they are indicative of general trends. 

Table XVI in most cases, except for the three-point 
connection, has sufficient number of instg11a+ir>Tig in 
range of ground resistances. However, this table in¬ 
cludes all types of territory. When the data for rural 
installations only is segregated as in table XVTI, too few 
installations exist in many ranges of ground resistances 
to give usable averages. In table XVII it should be 
noted that the rate of primary fuses blown and trans¬ 
former winding failures for ground resistances up to 30 
ohms are slightly higher for interconnection than for the 
standard connection. This may be due in part to the 
inclusion of gapped interconnection in the classification 
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Table XIII. Combined Operating Data on Various Methods of Protecting Distribution Transformers From Lightning for 

1935 and 1936 

All Types of Territory 


Failures per 100 Installations 


Primary Fuses Blown 


Lightning 

Lightning Arrester Transformer Windings Damaged 


Standard connection. 

Solid interconnection. 

Solid interconnection with tie 


Gapped interconnection with 

tie to case. 

Common primary and secon¬ 
dary neutral. 

Surge proof transformer. 

Three-point protection. 

CSP transformer. 


Average 

Ground 

Resistance 

Total 

Arrester 
on Line 
Side of 
Fuse 

on Trans¬ 
former 
Side of 
Fuse 

Total 

Primary 

Only 

Second¬ 

ary 

Only 

Primary 
and Sec¬ 
ondary 

Lightning 

Arrester 

Failures 

Meters 

Burned Wiring, Etc., 
Out Damaged 

..59.0.... 

5.08 .. 

..4.55.. 

.. 6.29... 

.0.655.. 

..0.214., 

..0.081.. 

..0.317.. 

...0.878... 

..1.04 .. 

...0.100 

..10.7.... 

1.36 .. 

.. 1.01.. 

.. 2.12... 

.0.333.. 

..0.068.. 

..0.030. 

..0.130.. 

...0.455... 

..1.37 .. 

...0.092 

..27.9.... 

1.80 .. 

.. 1.40.. 

.. N.D.... 

..0.276.. 

..0.096.. 

..0.096.. 

..0.145.. 

...0.049... 

.. 0 .. 

... 0 

..56.1. 

, 9.20 .. 

.. 5.23.. 

..12.40... 

..0.634.. 

..0.254.. 

..0.053.. 

...0.561.. 

...0.875... 

..2.12 .. 

...0.156 

..36.9_ 

.24.90 .. 

,..13.99., 

..16.67... 

..1.42 .. 

,..1.72 .. 

,..0.172. 

...0.432.. 

...2.08 ... 

..0.435.. 

... 0 

,..10.1- 

.,48.1_ 

..44.0.... 

. 1.74 .. 
5.81 

... 1.10.. 

.. 5.15... 

..0.413., 

.,0.442.. 

,..0.063.. 

,..0.048.. 

...0.007. 

..0.048. 

...0.053.. 

...0.178.. 

...0.300... 

...0.840*.. 

..0.343.. 

..0.046.. 

...0.085 

...0.115 

. 5.05 ., 

,..17.45.. 

.. N.D.... 

..0.595.. 

,..0.347., 

...0.099. 

...0.149.. 

...3.61 ... 

..0.115.. 

...0.405 

..64.2- 

. 0.172., 


..0.234.. 

..0.018.. 

..0.018. 

...0.106,. 

...0.127*.. 

..0.074.. 

...0.112 


* Deion gap failures per 100 installations. 

Table XIV Combined Operating Data on Various Methods of Protecting Distribution Transformers From Lightning for 

1935 and 1936 

Rural Installations 


Average 
Average Ground 
Number Resistance 

Type of Protection Installations (Ohms) 


Primary Fuses Blown 

Lightning 
Lightning Arrester 
Arrester on Trans* 
on Line former 
Side of Side of 
Total Fuse Fuse 


Failures per 100 Installations 


Transformer Windings Damaged 


Customers’ 


Sec- Primary Lightning Meters 
Primary ondary and Sec- Arrester Burned Wiring, Etc., 
Total Only Only ondary Failures Out Damaged 


Standard connection...17,756.106 . 

Solid interconnection with 

and without tie to case.. 4,903. 18.2., 

Gapped interconnection with 

and without tie to case.13,408. 46.3. 

Common primary and sec- ^ 

ondary neutral.... 3,383. 13.7. 

Surge-proof transformer. 832. 52.2. 

Three-point protection . 219. 47.6. 

CSP transformer. 834. 89.5. 


...12.17 ....11.45.... N.D . 0 . 691 .... 0.259....0.175....0.278.2.90 .....2.25 ... 

... 5.26 .... 4.88... 5.39.1.55 ... .0.066... .0.022... .0.088.0.932.0.572... 

...10.63 .... 5.83....13.70.0.714... .0.691... .0.067... .0.780.1.07 .2.06 ... 

- •••■ >•«•••• >M . 


...0.301 

...0,215 

...0.075 


... 0 
...0.075 
...0.772 
...0.135 


* Deion gap failures per 100 installations. 

Table XV. Combined Operating Data 


Upon Various Methods of Protecting Distribution Transformers From Lightning for 
1935 and 1936 

Urban and Suburban Installations 


Type of Protection 


Average 
Ground] 
Average Resist- 

Number ance 
Installations (Ohms) 


Primary Fuses Blown 

Lightning 
Lightning Arrester 
Arrester on Trans- 
on Line former 
Side of Side of 
otal Fuse Fuse 


Failures per 100 Installations 


Transformer Windings Damaged 


Customers’ 


Second- Primary Lightning Meters Wiring, 
Primary ary and Sec- Arrester Burned Etc., 

Only Only ondary Failures Out Damaged 


Standard connection. .105,029.76,6.3.34 

Solid interconnection with and 

without tie to case... 74,637...... 10.2.1.06 

Gapped interconnection with 

and without tie to case. 1,876.61.3.6.75 


.3.11 .*.. .5.80 .0.687... .0.228....0.056... .0.290.0.465.0.731.0.063 

. ,0.552. ...1.90 .0.185....0.031... .0.028... .0.073.....0.174.1.91 .0.104 

1.87 ....3.89 .....0.464 _0.121....0.030-0.303.0.460.1.16 .1.19 


Common primary and secon¬ 
dary neutral. 

Surge-proof transformers. 

Three-point protection. 

CSP transformers........... 


26,670. 8.3... 

325.33.4... 

429.. 8.0... 

396.,,...49.5... 


..0.749.. -0.438....3.96 .. 

..9.47 .. 

. .3.57 .. .. N.D.N.D.,. 

.9.214.... 


.0.180....0.053... .0,003....0.030.....0,337 .0.378. ... .0.100 

,0,462....0.154_ 0 ....0.308-.0,156*....0.167. 

, .0.350... .0.117_0.117... .0.117.... .1.71 .... .0.122.0.792 

.0.253.... 0 _ 0 ....0.253..... 0.127..... 0 ......0.370 


* Deion gap failures per 100 installations. 
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Tabic XVI. Effect of Ground Resistance Upon Operating Data for Various Methods of Protecting Distribution Transformers 

From Lightning—1934, 1935, and 1936 Lightning Seasons 

All Types of Territory 


Type of Protection 


Failures per 100 Installations 


Range of 

Average Average 
Ground Number 

Resistance of Installa¬ 
tions) tions 


Number of 
Companies 


1934 1935 1936 


Customers’ 


Primary Transformer Lightning Wiring, 

Fuses Windings Arrester Meters Etc., 

Blown Damaged Failures Damaged Damaged 


Standard connection (figure 1). 


Solid interconnection (figures 2 and 3) and common 


Gapped interconnection (figures 4 and 5).. 

Surge-proof transformers (figures 7 and 9). 
Three-point protection (figure 8). 


i- in 

17 166.... 

...3... 

..4.. . 

.. 4... 

. . 3.50 .. 

...0.425... 

. 0.930... 

..0.653.. 

. .0.625 

11- 20.. 
2i- an 

..25,542... 
7,376... 

...5... 

...3.. 

..8... 
..2.. . 

.. 4... 
.. 5... 

.. 3.82 .. 
.. 3.34 .. 

..0.743... 

. .0.344... 

. 0.432... 

. 0.262... 

..2.00 .. 

..0.316.. 

..0.084 
..0.168 

31— 40 

9 051 

2 

3 . 

. . 2. .. 

.. 2.92 .. 

. .0.558... 

. 0.188... 

..0.495.. 

. .0.069 

45 75 

5 477 

1 

5 . 

. . 4. . . 

. . 5.91 .. 

...1.31 ... 

. 0.711... 

..1.92 .. 

. .0.129 

80 1^5 

28 181 

4- 

.0.. 

. . 0. . . 

..10.4 .. 

...0.92 ... 

. 2.67 ... 

..0.996.. 

..0.883 

onn 2 ^n 

q 772 

2 

2.. 

.. 1. . . 

..20.5 .. 

...1.26 ... 

. 3.84 ... 

..1.47 .. 

..0.101 

0- 1 

. .40,761... 

...7.. 

. .6.. 

..10... 

.. 0.545.. 

...0.112... 

. 0.256... 

..1.43 .. 

..0.050 

2- 5 

. .13,291... 

.. .5.. 

. .8.. 

.. 6... 

.. 1.35 .. 

...0.216... 

. 0.199... 

..0.272.. 

..0.100 

6- 10.. 

. .29,585... 

...4.. 

. .3.. 

.. 6... 

.. 1.91 .. 

...0.260... 

. 1.49 ... 

..0.211.. 

. .0.152 

11— 20 

22 375 

0 

6.. 

. . 4. . . 

.. 6.65 .. 

...0.410... 

. 0.480... 

..0.236.. 

. .0.043 

21- 30.. 

. . 4,077... 

...5.. 

. .3.. 

.. 4... 

.. 1.84 .. 

...0.163... 

.. 0.143... 

..0.019.. 

. .0.039 



2 

2 

0 .. 

..18.52 ,. 

...0.74 ... 

. 0.484... 

.. 0 . . 

.. 0 

0- 10.. 

921... 

...2.. 

. .2.. 

.. 3... 

.. 3.40 .. 

...0.217... 

. 0.094... 

.. 0 

. .0.080 

11— 20. 

5 439. 

...0.. 

. .4. . . 

.. 2... 

. .13.90 .. 

...0.792... 

.. 1.35 ... 

..0.81 ... 

..0.101 

21- 30.. 

.. L724... 

v.'.u. 

. .2.. . 

.. 8... 

..10.70 .. 

...0.600... 

.. 1.28 ... 

. .0.726.. 

.. 0 

31— 50 

542. 

_i.. 

. .1... 

.. 1... 

..11.50 .. 

...1.23 ... 

.. 1.54 ... 

..1.29 .. 

..0.064 

51-100.’.' 

1,030.*. 

.*.w. 

. .2.. . 

.. 2... 

.. 5.96... 

...2.09 ... 

.. 1.36 ... 

..3.74 .. 

.. 0 

101—250.. 

516... 

_i.. 

. .1. . , 

.. 1... 

.. 2.91 .. 

...0.324... 

.. 0.453... 

.. 0 .. 


1— 25.. 

761. 

_7 # # 

. .8.. . 

6... 

.. 1.75 .. 

...0.657... 

.. 0.228*.. 

.. 0 .. 

.. 0 

26-100.. 

857... 

’...5.. 

*..3.. 

.. 6... 

.. 6.45 .. 

...0.272... 

.. 0.823*.. 

. .0.185.. 

..0.063 

101-400 

378. 

_2.. 

. .4. . 

.. 1... 

.. 7.40 .. 

...0.176... 

.. 2.03*... 

.. 0 

..0.176 

. 1- 10.. 

.. 150... 

,...2.. 

..1.., 

.. 2... 

.. 5.70 .. 

...0.89 ... 

.. 1.60 ... 

..0.320.. 

..0.970 

11- 20.. 

.. 121... 

,...1.. 

. .1.. 

.. 1... 

.. 1.54 .. 

...0.55 ... 

.. 0 

.. 0 .. 

..0.276 

21- 30.. 

35... 

...1.. 

. .0.. , 

.. 1... 

.. 4.35 .. 

... 0 ... 

.. 4.35 ... 

.. 0 

.. 0 

70- 80.. 

86... 

...1.. 

. .1.. 

.. 0... 

..13.95 .. 

... 0 ... 

..16.87 ... 

.. N.D... 

. .0.91 

175 .. 

.. 723... 

,...0.. 

..1.. 

.. 0... 

.. 3.60 .. 

...0.969... 

.. 1.24 ... 

.. 0 .. 

.. 0 


* Deion gaps damaged per 100 installations. 


Table XVII. Effect of Ground Resistance Upon Operating Data for Various Methods of Protecting Distribution Transformers 

From Lightning—1934,1935, and 1936 Lightning Seasons 

Rural Installations 


Range of 

Average Average 

Ground Number 

Resistance of Instal- 

Type of Protection. (Ohms) lations 


Standard connection (figure 1). 1- 30.4,976... 

40- 70. 712... 

71-100. 164... 

200-250.4,686... 

All types of interconnection (figures 2, 3, 4, 5, and 6). . . . 0- 10.7,533... 

11- 20.7,207... 

21- 30.2,130... 

31- 50.1,588... 

51- 60. 283... 

75- 90. 563... 

101-250. 195... 

Surge-proof and CSP transformers (figures 7 and 9). 1-25. 131- 

26-100. 696... 

101-400. 418... 

Three-point protection (figure 8) — . 1- 10. 20... 

11- 20. 95... 

21- 30. 35... 

70- 80. 94... 


Failures per 100 Installations 



Number of 
Companies 

Primary 

Fuses 

Blown 

Trans¬ 

former 

Windings 

Damaged 

Lightning 

Arrester 

Failures 

Custom¬ 

ers’ 

Meters 

Customers’ 

Wiring, 

Etc., 

Damaged 

1934 1935 

1936 

. .2. 

_2. .. 

.. 6.. 

.... 3.09.. 

...0.173.. 

.. 0.45... 

.. 0.52.. 

..0.01 . 

. .1. 

....1... 

.. 3.. 

....27.9 .. 

...2.30 .. 

.. 2.94... 

..10.43.. 

..0.423 

..2. 

....0... 

.. 1.. 

....11.30.. 

...2.75 .. 

.. N.D.... 

.. 1.81.. 

..N.D. 

..0. 

....2... 

.. 1.. 

....11.70.. 

...0.45 .. 

.. 4.07... 

.. 2.70.. 

..0.160 

..0. 

....0... 

.. 13. 

.... 4.46.. 

...0.44 .. 

.. 0.73... 

.. 0.18.. 

..0.19 

..0. 

....6... 

.. 3.. 

....12.10.. 

...0.62 .. 

.. 1.10... 

.. 0.64.. 

..0.08 

..3 

....3... 

.. 7. 

.... 8.49.. 

...0.58 .. 

.. 1.12... 

.. 0.34.. 

....09 

..1. 

. ...2.. . 

.. 4. 

....20.9 .. 

...2.98 .. 

.. 0.73... 

.. 0.80.. 

.. 0 

. .0 

.... 1 ... 

.. 0 . 

.... 3.53.. 

...0.71 .. 

.. 1.77... 

.. 0 .. 

.. 0 

. .0. 

_ 2. . . 

.. 2. 

....11.20.. 

...3.02 .. 

.. 1.87... 

.. 5.50.. 

.. 0 

..1 

.... 0 ... 

.. 1 .. 

.... 4.89.. 

... 0 .. 

.. 0.34... 

.. N.D.. . 

.. 0 

. .4. 

....6... 

.. 1 .. 

.... 1.35.. 

... 0 .. 

.. 0.51... 

.. 0 

.. 0 

..3. 

_ 2. .. 

.. 6.. 

. 5.79.. 

...0.24 .. 

... 0.98... 

.. 0.13.. 

.. 0 

..2. 

. 5... 

.. 0 ., 

. 9.10.. 

.. .0.272.. 

... 2.62... 

.. 0 .. 

..0.12 

.. 1 . 

. 0 ... 

.. 0 ., 

. 5.00.. 

...5.00 .. 

... 0 ... 

0 .. 

.. 0 

.. 1 . 

. 0 ... 

.. 1 ., 

. 1.05.. 

...1.05 .. 

... 0 ... 

.. 0 .. 

..0.53 

.. 1 . 

. 0 . .. 

.. 1 . 

. 8.57.. 

... 0 .. 

... 8.57... 

.. 0 .. 

..0 

.. 1 , 

. 1 ... 

.. 1 ., 

. 17.00.. 

... 0 .. 

...12.10... 

.. N.D. .. 

...N.D. 


« 


of interconnection. The data in table XVI show the 
reverse trend when the standard connection and solid 
interconnection only are compared. This leads to the 
conclusion that a large part of the improvement noted by 
the use of solid interconnection is the result of the lower 
values of ground resistance that almost invariably exists 
when the latter is used. 


Effect of Operating Voltage 

An analysis of the data by operating voltage has been 
made in tables XVIII, XIX, and XX. In drawing this 
comparison allowance has been made for type of territory, 
ground resistance, and location of primary fuse. Due to 
lack of data no comparison could be drawn for urban and 
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Table XVIII. Effect of Operating Voltage and Average Ground Resistance on Operating Data for Various Methods of Lightning Protection 1935 and 1936 

Lightning Seasons 

All Types of Territory 
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suburban installations 
for voltages above 5 kv 
(see table XX). It is 
thought that the data 
indicates that in spite of 
the paucity of data the 
trouble rates are higher 
for the higher distribu¬ 
tion voltages. 

Location of Trans¬ 
former Winding 
Failures 

Where possible data 
were obtained relative 
to the location of trans¬ 
former-winding failures, • 
i.e., whether the primary 
only, the secondary only, 
or both the primary and 
secondary were involved 
in the failure. While 
with some types of pro¬ 
tection a sufficient num¬ 
ber of failures to indicate 
trends have not been 
reported, a sufficient 
number have been re¬ 
ported for several types 
of protection. These 
data have been sum¬ 
marized in table XXI. 
Except for the gapped 
interconnection, the SP 
and CSP transformers in 
which cases relatively 
few failures were re¬ 
ported, the various types 
of protection show con¬ 
sistent trends. 

Secondary Protection 

Since the average data 
in table XXI show that 
in 64.8 per cent of the 
transformer winding fail¬ 
ures the secondaries are 
involved, the question 
arises as to whether or 
not this high percentage 
may be due to the light¬ 
ning surges entered from 
the secondary. A 
secondary-winding fail¬ 
ure does not necessarily 
mean a secondary en¬ 
trance of the surge as a * 
surge entering through 
the primary in its at¬ 
tempt to reach the* 
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Table XIX. Effect of Ground Resistance Upon Operating Data for Various Methods of Protecting Distribution Transformers From Lightning—1935 and 1936 

Lightning Seasons 
Rural Installations 
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ground may flash over a secondary bushing and raise the 
potential of the secondary winding sufficiently to cause 
it to fail. On the other hand the rate of meter failures 
per hundred transformers shown in tables X to XV indi¬ 
cate the possibility of surges on the secondary. 

Of the companies reporting six report the use of sec¬ 
ondary protection. In most of these cases secondary 
protection is used in a few installations apparently as an 
experiment. However, one company makes it a practice 
to install secondary arresters on polyphase meters and 
another company installs secondary arresters at cus¬ 
tomers where electric ranges are installed. 

Effect of Fusing Schedule 

Since the primary fusing schedule used by any company 
cannot be expressed in a single numerical statement, any 
comparison must be only approximate. In making the 
comparison in table XXII an attempt has been made 
to reduce all the fusing schedules to a percentage basis. 
In spite of the fact that no definite trend is established 
it is believed that irrespective of the type of protection 
used the rate of primary fuses blown should decrease 
with the use of higher rated fuses. This has been borne 
out by studies made by several individual companies. 

Effect of Location of Primary Fuse 

As a result of the question raised regarding the effect of 
the surge current causing the primary fuse to blow, the 
data have been analyzed in tables XIII to XV showing 
the rates of fuse blowing when the primary fuse is in¬ 
stalled on the line side of the arrester separate from those 
when the fuse is installed on the transformer side of the 
arrester. From a study of these tables it is apparent 
that with all types of protection the rates of primary fuses 
blown are higher when the arrester is on the transformer 
side of the fuse and the surge current passes entirely 
through the fuse. 

Effect of One or Two Fuses per Transformer 

In three-phase four-wire systems it is customary to 
connect single-phase transformers between phase and 
neutral using a single fuse; whereas in three-phase three- 
wire systems single-phase transformers must be con¬ 
nected between phases necessitating two fuses per trans¬ 
former. In table XXIII a comparison is drawn to de¬ 
termine whether or not there is any difference in the num¬ 
ber of fuses blown per hundred transformers when one or 
two fuses per transformer are used. The data show that 
the rates of primary fuses blown are practically the same 
in both cases. 

Grounding of Transformer Tanks 

Since theory, laboratory tests, and certain field data 
indicate that if the transformer tank is left free to assume 
any potential a greater strain may be imposed upon the 
insulation by lightning surges than if the tank were held 
at ground potential, a growing tendency to ground the 
tanks of distribution transformers is noted. Fourteen 
of the companies reporting state that they ground the 
transformer tanks on some 40,437 transformers. Seven 


Smith—Lightning Protection Electrical Engineering 











































































Table XX. Effect of Ground Resistance Upon Operating Data* for Various Methods of Protecting Distribution Transformers 

From Lightning—1935 and 1936 Lightning Seasons 



Urban and Suburban Installations 


Type of Protection 

Range of 
Average 
Ground 
Resistance 
(Ohms) 

Average 
Number of 
Installations 

Failures per 100 Installations 

Primary Fuses Blown 

Lightning Lightning 

Arrester Arrester Transformer 

on Line on Trans* Windings Lightning Customers* 

Side former Side Damaged Arrester Meters 

Customers* 

Wiring, 

Etc. 


Standard connection (figure 1) 


All types of interconnection (figures 2, 3, 4, 5, and 6) 


1- 10... 

....19,657... 


..N.D... 


...1.04 .. 

...N.D. .. 

.. .N.D. 

11- 15... 

.... 9,716... 

.2.18 ... 

..N.D... 


...0.653.. 

...1.89 .. 

...0.085 

16- 20... 

....11,605... 


..N.D... 

.0.860... 

...N.D. .. 

...N.D. .. 

...N.D. 

21- 30... 

.... 4,510... 

.1.10 ... 

..N.D... 


...0.213.. 

...0.482.. 

...N.D. 

31- 50... 

.... 5,867... 


..N.D... 


...0.595.. 

...0.038.. 

...0.038 

70-100... 

....10,501... 

.3.32 ... 

..N.D... 


...0.176.. 

...0.317.. 

...N.D. 

200... 

.... 7,336... 

.2.34 ... 

..N.D... 

.0.177... 

...0.819.. 

...N.D. .. 

...0.028 

250... 

.... 567... 

.N.D. 

..1.41.. 

.0.176... 

... 0 .. 

...1.06 .. 

... 0 

0- 1... 

.., ,47,291... 

.0.638... 

..7.90 . 

.0.115... 

...0.184.. 

...0.570.. 

...0.021 

* l- z. .. 

.,. .11,542... 

.. ....0.378... 

..0.751. 

.0.100... 

...0.332.. 

...0.145.. 

...0.186 

4- 10... 

.... 8,282... 

.1.08 ... 

..1.20 . 

.0.179... 

...0.376., 

...1.32 .. 

...0.715 

11- 30. 

’*. .12,959... 

0.580... 

..1.05 . 

.0.555... 

...0.049.. 

... 0 .. 

... 0 

50.W’ 

e,364... 

.N.D. ... 

. .N.D. . 

.0.188... 

...0.487... 

...N.D. .. 

... N.D. 


* This data for 0-6 kv only; insufficient data for tabulation for 6-16 kv. 

Insufficient data for tabulation on three-point protection, surge-proof and CSP transformers. 


Table XXI. Location of Transformer Winding Failures 
Expressed as Per Cent of Total Failures—1935 and 1936 
Lightning Seasons Combined 

All Types of Territory 


Type of Protection 

Number of 
Segregated 
Transformer 
Failures 

Per Cent 
Primary 
Only 

Per Cent 
Secondary 
Only 

Per Cent 
Primary 
and 

Secondary 

Standard. 


.685. 

..35.8- 

....11.1. 

...53.1 

Solid interconnection- 


.307. 

..29.6.... 

....13.4. 

...57.0 

Solid interconnection 

with 




...42.8 

tic to case. 


. 7. 

..28.6.... 

....28.6. 

Gapped interconnection. 


. 65. 

..29.2_ 

.... 6.2. 

...64.6 

Gapped interconnection 
tie to case. 

with 

. 27. 

..74.1.... 

.... 7.4. 

_18.5 

Common primary and 

sec- 


...51.0.... 

.... 5.6. 

_43.4 

ondary neutral. 


. 63. 

Surge proof. 


. 17. 

,..17.6.... 

_17.6,. 

,...64.8 

Three-point protection.. 
CSP . 


. 12. 

. 8. 

,..68.3.... 

,..12.5.... 

....16.7.... 
....12.5_ 

....25.0 
....75.0 

Total. 

.1,181. 

...35.2.... 

....11.3.... 

....53.5 


Table XXII. Effect of Fusing Schedule on Number of 
Primary Fuses Blown—1935 and 1936 Data Combined 

Fuses on Transformer Side of Lightning Arrester 



Standard Connection 

Interconnection (All Types) 

Schedule Range 
(Per Cent) 

Number 

Installations 

Involved 

Per Cent 
Primary 
Fuses Blown 

Number Per Cent 

Installations Primary 

Involved Fuses Blown 

150-200. 

201-250. 

.20.324... 

.....3.78. 

.4,60. 

..Insufficient data 

.57,221....1.43 

251-300. 

Aa+a . 

...... 3,173.2.27 

.36,300 .1.39 

dUi-auu. • •«• 
401-500. 


.....3.89. 



companies ground the tanks on 18,478 transformers pro¬ 
tected with the standard connection. Six companies 
do the same on 2,684 transformers using solid inter¬ 
connection. Three companies ground the tanks on 1,340 
transformers using gapped interconnection. Nine com¬ 


panies using the common primary and secondary neutral 
ground the tanks on 17,935 transformers. 

Limitations Placed on Ground Resistance 

Since the data indicate that the value of resistance of 
the arrester ground is a factor of major importance in 
rendering effective lightning protection, the practice of 
the various companies in reducing or placing limitations 


Table XXIII. Difference Upon Rate of Primary Fuse* 
Blown Due to One or Two Primary Fuses per Transformei— 
1935 and 1936 Data Combined 


One Fuse per Transformer Two Fuses per Transformer 
Installation Installation 


Average 

Number 

Type of Protection Installations 

Fuses Blown 
per 100 
Transformers 

Installa¬ 

tions 

Fuses Blown 
per 100 
Transformers 


43,080.. 

..... 5.60 . 

...27,574.. 

.5.22 

Solid interconnection... 

55,200.. 


...34,630.. 

.1.84 

Solid interconnection 

103.. 

_ 2.91 . 

... 1,808.. 

.1.66 

Gapped interconnection. 

7,518.. 


,... 3,950.. 

.7.80 

Gapped interconnection 

0.. 

.N.D. 

... 483.. 

.28.60* 

Type SP transformer... 

' 1,302.. 


... 504.. 

... 617.. 

.... 261.. 

..... 4.66 

.3.72 

.0.19 

Three-point protection.. 

, 293.. 


Type CSP transformer. 

640.. 

.0.08 

Total—all types. 

,108,134.. 

. 3.54 . 

...69,827.. 

.3.74 


* Based on one company which had much damage done by a severe storm 
during 1936. 


on ground resistance has been analyzed in table XXIV. 
Of the 44 groups of installations of the standard connec¬ 
tion only 15 make any specific attempt to lower or to 
limit , the ground resistance. On the other hand only 
seven groups of installations of solid interconnection 
have no limitation on the ground resistance of which 
five have grounds salted. Of the 33 groups of installa¬ 
tions of solid interconnection 13 have definite limitations- 
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Tabic XXIV. Ground Resistance Limitations Placed Upon Various Schemes of Light 

ning Protection— 1 1935 and 1936 Data 



Solid 


Gapped 

Inter- 

Common 

Primary 

Surge- 

Three- 

CSP 

Trans¬ 

formers 

Standard 

Connec¬ 

tion 

Solid 

Inter¬ 

connection 

connection 
Tie to 
Case 

Gapped 

Inter¬ 

connection 

connection 
Tie to 

Case 

and Sec¬ 
ondary 
Neutral 

Proof 

Trans¬ 

formers 

Point 

Protec¬ 

tion 

Installation Groups Reported Upon 44 

33 

6 

24 

4 

20 

21 

7 

25 

Number reducing ground resistance to specified 

value: 1® 

13 

1 

7 

2 

6 

5 

2 

6 






... 1. 




50. 

.2. 

_1. 





.1. 

... 1 

30. 2. 

25. 6. 

.1. 

.3. 



1 

... 1. 

. 3... 

.1. 

... 2 

20. 

15 .. 4. 

. . . . 


.1. 


... 1 . 

. 2.. . 


... 2 

10. 

.3. 


. 1 . 


... 2. 



... 1 


.1.... 




... 1 . 



... 1 

By salting only.*. 1. 









Water pipe grounds... 1. 

. 3 . 




3 . 

. 3.. . 


... 2 

Driven grounds. 4 . 

. 3 . 








Salting and water pipes. 

Salting and driven grounds. 5. 

Water pipe and driven grounds. 

.2. 

..... 1 . . 


.2. 

a 


... 1.... 

... 1.... 

... 1. 

. 1... 

. 1... 

.1. 

... 1 

... 2 

Number specifying water pipes only: 1 

5 

2 

2 

1 

1 





.. 2. 

.. ..1 . 

.1. 

. 1 . 


.... 1 . 













Number specifying driven grounds only: 

5 

1 

8 



3 


1 


.1. 

. 3 . 

....1 . 

. 6 . 

. 2 . 



. 1 ... 

___ 1 .. . 

. 1 ... 


.... 1 

Number specifying either water pipe or driven 









grounds: 

One water pipe, two driven. 

.3. 

.2. 








Two water pipe, two driven. 

Number salting grounds without limitation as 

. 1 . 


. 1 .... 

. 1 . 


. 1 ... 


.... 3 

Number salting grounds and driving rods with- 

out limitation as to resistance . 1 .. .. 

. 2 . 


. 2 _ 


.... 1 .... 

. 1 ... 


.... 1 


. 2 . 

. 2 _ 

. 4. . .. 


....12.... 

. 11.., 

. 4 . 

....14 


Number placing limitation because of: 

Experience.®. 1 .J. 1 . 

National Electrical Code.3... 

Both. . 1 . 3 . 

N.B. Installation group does not necessarily mean company. Some companies impose limitations upon certain territories or certain voltages. 


of the ma ximum value of ground resistance, eight require 
water pipe grounds, and four require more than one driven 
ground. 


Discussion 


Herman Halperin (Consolidated Edison Company, Chicago, Ill.): 
While analysis of extensive data involving numerous variables gen¬ 
erally proves difficult. Smith has done a commendable job. The 
large number of tables, which at first seems confusing, presents the 
data in such a way as to make further analysis readily possible. 

From the standpoint of protection to equipment, it is of interest 
to examine the combined rates of transformer, winding failures and 
.fuse blowings. The combined figures for 1935 and 1936, expressed 
as the ratio of transformer and fuse troubles to similar troubles with 
the solid interconnection, were: conpnon neutral, 1.3; standard 
connection, 3.4; gapped interconnection, 5.8. For the remaining 
protective schemes, including the !< ^elf-protecting types of trans¬ 


formers, the numbers of installations involved were statistically 
insufficient, that is, only a few per cent of the number with solid 
interconnection, and definite conclusions for these types appear un¬ 
warranted as yet. 

In view of the fairly extensive application of the gapped inter¬ 
connection, it must be disturbing to a number of companies to learn 
of the generally poor performance of this protective scheme. With 
this connection, the surge voltage impressed on the transformer is 
that permitted by the phase arrester plus the drop in connecting 
leads and plus the breakdown of the spark gap. This latter value 
may be about the same as the voltage across the lightning arrester. 
Two alternative improvements may be suggested for such installa¬ 
tions: (a) reduction in breakdown voltage of the interconnection 
gap, by the use of lower rated or special gaps; or (b) a change to the 
solid interconnection. The objection to this latter connection was 
based mainly upon fear for the customers’ safety, but, according to 
our Chicago studies (‘'Lightning Investigations on a Distribution 
System,” Halperin and Grosser, Electrical Engineering, January 
1936, pages 63-70) and the data in this paper, this objection to solid 
interconnection is of no consequence and should gradually disappear. 

Conclusion 3 of the paper, indicating that the rate of arrester 
failures is lower with solid interconnection than with the standard 
connection, is based on a general averaging of the data from all com- 
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panies. This conclusion does not seem to be entirely justified by 
the data, when the operating records of individual companies are 
considered. Of 12 companies, which report on a sufficiently large 
number of installations of both types to be suitable for comparison, 
seven, including Chicago, showed higher rates of arrester failure 
with the solid interconnection than with the standard connection. 
Theoretically, some increase in failure rate should be expected with 
solid interconnection, because of the greater duty on the arrester in 
discharging surge current to a low resistance ground. The best way 
to determine the effect of one variable is to have just one variable 
in the study, and that was the case in Chicago when we had both 
solid interconnection and standard connection of arresters for a 
few years over various parts of the city and found that arrester 
failures were relatively high with the solid interconnection. 

The installation of the solid interconnection in Chicago was 
very much cheaper than trying to improve the ground resistance with 
the standard connection. The solid interconnection was obtained 
simply by the installation of a short piece of Number 6 wire between 
the ground side of the arresters and the secondary neutral. The 
effect of the solid interconnection in Chicago was to reduce the total 
rate of transformer failures and fuse blowings by over 50 per cent 
as compared to the rate that obtained with the standard connection 
of arrester. 

Regarding conclusion 8, while it is recognized that the majority 
of the reported installations of secondary arresters were of an ex¬ 
perimental nature, it would be of interest to learn something of the 
reasons for providing these protective measures. 

The compilation of a large amount of data such as this may make 
it possible to analyze the effect of thunderstorm frequency on 
lightning troubles. It is suggested that the next questionnaire 
circulated should be modified to determine, for the four years be¬ 
ginning with 1934, the number of thunderstorms per year, both 
from weather bureau and company records, and an attempt made 
to correlate these data with lightning trouble rates. 

W. A. McMorris (General Electric Company, Pittsfield, Mass.): 
Mr. Smith and those who have co-operated with him in the accumu¬ 
lation and analysis of operating data on distribution circuits, are to 
be congratulated on what they have accomplished. Differences in 
the types and ages of equipment in use, and in the conditions under 
which it must operate, require a study of broad scope in order that 
definite trends in performance may be established. 

The data obtained have made it possible to draw a number of con¬ 
clusions with regard to best operating practices. A few inconsist¬ 
encies still remain, but it is to be expected that these will decrease 
in number as the investigation is continued. 

On page 5 of the preprint it is stated that "the fear that has been 
expressed that with solid interconnection a heavier duty may be 
placed on the arrester causing more failures is without foundation." 
This conclusion is well supported, without contradictions, by data 
in tables X to XV, inclusive. Table X which summarizes the re¬ 
sults, shows an arrester failure rate of 1.17 per hundred for 159,138 
installations with standard connection, and only 0.551 per hundred 
for 146,738 installations with solid interconnection. Rather than 
increasing the arrester failure rate, solid interconnection has reduced 
it to 47 per cent of the value for standard connection, and to 57.5 
per c en t of the value for gapped interconnection, the nearest com¬ 
petitor in this table. 

Information given in recent AIEE papers by Mr. Flanigen ( Light¬ 
ning Protection of Distribution Transformers," AIEE Transactions, 
volume 54, pages 1400-05, December 1935) and by Messrs. Halperin 
and Grosser ("Lightning Investigations on a Distribution System, 
AIEE Transactions, volume 55, pages 63-70, January 1936) sug¬ 
gests that many arrester failures result from other causes than high- 
current lightning discharges. This was borne out in the investi¬ 
gation reported in the paper by Mr. McEachron and myself, pre¬ 
sented at this convention, in which measurements were made of the 
discharge currents associated with arrester failures. Figure 11 of 
that paper shows a very small percentage of arrester failures to be 
due to high discharge currents. 

The obvious conclusion is that solid interconnection probably does 


result in some increase in the magnitude of currents passed by ar¬ 
resters, but that high current discharges are not a major cause of 
arrester failure, so the predicted increase in arrester failure rate does 
not occur. Interconnection may result in an increase in arrester 
discharge currents by lowering ground resistances, but this tends to 
localize the disturbance so that fewer arresters operate. 

This possibly helps to explain the lower arrester failure rate with 
solid interconnection. Failures from power current resulting from 
sixty-cycle overvoltage, gap corrosion, or similar causes, would de¬ 
crease as the number of arrester operations is decreased by localizing 
the disturbances, more or less independently of any change in the 
magnitude of lightning discharge currents. 

In general, the performance of the various gapped interconnec¬ 
tions, including three-point protection and surgeproof transformers, 
has been considerably less satisfactory, even though the surgeproof 
transformers and their deion gaps were all new equipment. The 
protective scheme of the surgeproof transformer is essentially a 
gapped interconnection, and the over-all service performance from 
table X does not appear to be greatly out of line with that of other 
gapped interconnections. 

vSince the paper reports field data for 1934, 1935, and 1936, the 
surgeproof transformers referred to are presumably of the type with 
the deion gap inside the transformer tank. With such a protective 
device inherently a part of the transformer, either winding failure 
or gap failure would probably require transformer removal and 
maintenance. 

Table X, summarizing all data, shows 1.21 gap failures and 0.43 
winding failures per hundred installations of surgeproof transform¬ 
ers, compared to values of 0.551 and 0.350, respectively, for con¬ 
ventional transformers protected by valve-type arresters with solid 
interconnection. In some cases, both gap and winding failures may 
have occurred on the same transformers, so the number of surge- 
proof transformers requiring maintenance, per hundred installed, 
would be between 1.21 and 1.64. For solid interconnection with 
valve-type arresters mounted outside the transformer tank, arrester 
failure alone does not make transformer replacement or maintenance 
necessary, and only 0.350 transformers per hundred installed would 
have to go to the shop. Thus for the surgeproof transformers, 
all of which were relatively new, maintenance was required from 3.5 
to 4.7 times as often as for the older standard transformers with 
solidly interconnected arresters. Both table XI showing data from 
rural circuits, and table XII showing data on urban and suburban 
circuits, but which are based on many fewer installations than table 
X, indicate that more transformer maintenance is required for surge- 
proof transformers than for standard transformers with solid inter¬ 
connection. 

Such an analysis based on the data reported in the paper, shows 
that distinct disadvantages result from combining the protective 
device with the transformer in such a way that the failure of the 
protective device is likely to interrupt service of the transformer or 
require its removal for maintenance. Similarly it is shown that the 
full benefits of interconnection are not realized by any of the schemes 
in which the interconnection is made through a gap. 

F. E. Andrews and R. O. Askey (Public Service Company of North¬ 
ern Illinois, Chicago, Ill.): As a result of a brief study of the data 
in this paper made within the short time during which a printed copy 
has been available, it appears that there are several factors which 
may influence the various failure rates and which may be of greater 
importance in the results shown by the different types of protection 
than the inherent differences in the protective scheme. 

It is noted in table X summarizing results of all types of territory 
that the rate of primary fuses blown is in general higher with the 
gapped interconnection than either the solid interconnection or 
standard connection. It is also noted by reference to table XI that 
82 per cent of the total number of gapped interconnection installa¬ 
tions are classified as rural and that for the rural installations there 
is less difference in performance of the gapped installation in com¬ 
parison with the others. As noted in the text of the paper, the 
failure rate for the rural installations for all types of protection is 
apparently considerably higher than for urban, which suggests that 
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differences in exposure, arrester density, etc., which are inherent in 
the nature of the territory probably have a considerable influence. 

We have noted in studies of our operating data with respect to the 
interconnection, much the same relationship with respect to the 
gapped interconnection as is indicated by the data in the paper. 
We have also noted in attempting to explain the apparent failure of 
the gapped interconnection to perform as satisfactorily as the solid 
interconnection that the gapped interconnection in general has been 
used in a much larger proportion of situations where grounding con¬ 
ditions are less satisfactory and where specific trouble due to fuse 
blowing has been previously experienced. This trouble due to the 
larger amount of fuse blowing has been found in many instances to 
have been due to inadequate lead and bushing insulation such that 
•even with the interconnection satisfactory co-ordination with the 
lightning arrester could not be obtained. Under this condition it 
has been apparent that material improvement by the use of the inter¬ 
connection could not be expected. 

It would accordingly seem that if data on the various types of 
protection are to be compared purely on the merits of the various 
protective schemes it is necessary that the transformers involved 
also be classified in such a manner as to factor out those of known 
susceptibility to trouble of this nature. The principal items affect¬ 
ing this susceptibility are probably transformer size, age, and manner 
in which maintenance and repair work have been done. In line with 
this idea it would seem advisable to set up a separate grouping to in¬ 
clude only transformers built according to present day standards 
which in general would probably include those bought since about 
1934. 

In furtherance of this idea we have made a partial study of per¬ 
formance of these newer transformers and while at the present time 
we cannot give specific data on them with reference to the different 
types of protection, it is obvious that rates of failure substantially 
different from those applying to the older transformers on the system 
will be found. One apparently significant point has been developed 
thus far from this investigation. It was believed that with new 
transformers of adequate design with respect to leads and bushings, 
it should be relatively easy to determine the explanation for each 
case of fuse blowing. We accordingly investigated the record of 
41 cases of fuse blowing in a group of 672 modern transformers in 
the size range from one and one-half to seven and one-half kva, in¬ 
clusive. The results of this investigation are shown as follows: 


Number of transformers in group...672 

Total number of fuse operations. 41 

Number of installations at which fuses were blown... 3d 

Number of installations inspected in detail. (The arresters were connected 

to the line side of the fuse on all of these installations.). 13 

Installations showing evidence of lead or bushing flashover. 5 


Installations at which no evidence was found to explain the fuse operations.. 8 

From this data it is evident that there were a few cases in which 
transformer fuses were blown due to bushing flashovers in spite of 
the lightning arrester protection. There were, however, eight cases 
in which no ordinary explanation of the fuse blowing was evident. 
The transformers at these eight locations at which fuse blowing oc¬ 
curred were given the standard AIEE high-potential tests to deter¬ 
mine if fuse blowing might have been caused by a coil puncture which 
was sealed off, perhaps by the transformer oil. All of these trans¬ 
formers stood the high-potential test successfully, indicating that 
the fuse failure occurred without passage of fault currents through 
the fuse. 

An investigation, now in progress, of the performance of a similar 
group of modern transformers has disclosed that a number of in¬ 
stances of fuse blowing without leaving visible evidence of the path 
of the current responsible have occurred. In general these have been 
at rural installations using three- and five-ampere fuses and with the 
lightning arresters connected to the line side of the cutout. For the 
most part, these have been confined to gapped interconnected in¬ 
stallations in rural territory. 

These data point to the likelihood of the fuse blowing being due 
to some other type of current through the primary fuse not hereto¬ 
fore recognized in connection with distribution transformers such as 
perhaps transients due to capacity coupling from primary winding 
to secondary or to core and tank. There is also the possibility of 
high current in the fuse due to resonance between the inductance of 


the transformer and the capacity of the interconnection gap. It is 
believed that with modern transformers, at least in the smaller sizes, 
a relatively large proportion of fuse blowings is due to the effect 
described above and that it is important to direct any future in¬ 
vestigation toward an explanation of this effect. 


W. G. Roman (Westinghouse Electric and Manufacturing Com¬ 
pany, East. Pittsburgh, Pa.): This report has tabulated a large 
mass of data on distribution transformer lightning-protection prac¬ 
tice. Since these data were taken from a large number of operating 
companys they represent an interesting cross section or average 
practice. 

An examination of table X shows the solid interconnection gives 
the best all around lightning protection although the meter burn¬ 
outs are relatively high. These data are somewhat conflicting since 
the damage to customer’s wiring is the lowest for the solid intercon¬ 
nection. The reasons for the low arrester failure rate for the solid in¬ 
terconnection are not obvious. Because of the lower effective ground 
resistance of the interconnection the surge currents discharged by the 
arrester should be higher and should result in a higher arrester failure 
rate. The lower rate shown in the table may be because installations 
having the solid interconnection also on an average have more 
modern arresters. 

Table XVI shows that for the standard connection the low ground 
resistance is definitely desirable in reducing trouble. For the vari¬ 
ous forms of interconnection this is not apparent which checks with 
what is to be expected since in the interconnection schemes the 
ground drop is not added to the voltage appearing across the pro¬ 
tective device. The reason for the high meter-failure rate for the 
solid interconnection for ground resistances of zero to one ohm is not 
apparent unless these low ground resistances are usually obtained 
by tying the secondary neutral to the water system on the customer’s 
premises. If this were true, the major portion of the surge would be 
discharged through the customer’s ground and might result in a 
higher meter-failure rate. This is borne out by table XVII which 
shows a low meter-failure rate for rural installations having a low 
ground resistance. 


Frank Sanford (Cincinnati Gas and Electric Company, Cincinnati, 
Ohio): Perhaps the most important conclusion of this paper is that 
interconnection of grounding on distribution transformer installa¬ 
tions is an established practice. The general data confirm the data 
that individual utilities have that this form of protection has ac¬ 
complished a great deal and that its continuation and extension is 
justified. Three detailed comments may be noted: 

1. The increase that is noted in the paper in grounding of the transformer tanks 
may be due more to the use of rural-type transformers rather than any change 
in policy on urban type installations. 

2. The relationship between fusing schedule and per cent blown fuses caused 
by lightning is not shown in the paper. Its importance may justify a more 
detailed study and the economics of failure and service outages may justify a 
higher fuse schedule, especially on the smaller size transformers. 

3. It would seem better not to group together all systems using one to five kv 
distribution, in comparing standard connection and interconnection. Of 
twenty companies, only four failed to show a large reduction in both trans¬ 
former failures and fuses blown, with the interconnection method. Of these, 
one showed an increase in fuses blown but they operate with the arrester on 
transformer side of fuse and they may not fuse high enough for this condition. 
The other three operate a 4.8-kv delta system. Other records indicate a higher 
trouble experience with 4,150 volts or 4,800 volts than with the 2,400 /4,150-volt 
system, other conditions being equivalent, and this would seem to justify the 
break-down of the records in comparison of this kind. 


J. K. Hodnette (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Mr. L. G. Smith is to be compli¬ 
mented on the fine job he has done collecting and compiling the data 
on distribution transformer lightning protection. Data of this type 
should prove very valuable to distribution engineers in working out 
the problem of lightning protection to distribution transformers. 

It is possible that some of the inconsistent results obtained to date 
could be explained if more were known of the operating conditions 
surrounding the transformers. It would be desirable to tabulate 
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the storm days per year experienced by each company reporting. 
In this manner the results obtained by different operating com¬ 
panies could be more accurately compared as well as the year to year 
results of individual companies. 

It would be desirable to establish a more accurate nomenclature 
for the different methods of protection. Referring in particular to 
figure 8 in the paper which is designated as “three point protection,” 
this phrase was originated by Mr. Fred Hanker to designate a type 
of protection in which the protective devices joined the high-voltage 
winding and low-voltage winding and the tank together, such as is 
illustrated in the author’s figures 3, 5, 6, 7, 8, and 9. Since this 
interpretation is still in common use, a designation of a specific 
method of obtaining this result as three-point protection is some¬ 
what confusing. 

The results to date indicate that primary fuses may be expected 
to blow even though the protective device is connected ahead of the 
fuse link and presumably shunts the surge current around it. In 
my opinion this is due to (1) mechanical damage of the link; (2) 
short circuits attending storms; (3) surge currents flowing through 
the link together with associated secondary short circuits. Even 
though a protective device successfully shunts the major portion of 
the surge current around the fuse link, the charging current of the 
winding flows through the link. For steep front lightning surges 
this is by no means a negligible current and considering repetitive 
strokes the accumulative effect may be sufficient to blow the fuse 
link, particularly if the rating of the link is small. In addition to 
this effect, short circuits occur in the house wiring due to induced 
surges on the ungrounded secondary wires flashing over to grounded 
neutral. It is apparent that this condition cannot be eliminated 
and improvement in service can only be expected either by elimi¬ 
nating primary fuses or using large sizes. 

0. F. Harding (Purdue University, Lafayette, Ind.): The prin¬ 
ciple-and method of attack of this whole problem of protection of 
distribution systems may well be emphasized again. When first 
conceived the length of time and expense involved in its solution 
seemed prohibitive. One executive in the Middle West said it 
would take $50,000 and many years to get an answer to the inter¬ 
connection problem if undertaken by statistical analysis of lightning 
discharges in natural thunderstorms in representative areas of several 
large cities. 

As a predictive and foreshortened study, therefore, an experi¬ 
mental yet full-sized, four-span standard installation was made at 
Purdue University under the auspices of the Utilities Research Com¬ 
mission of Chicago whereupon thousands of induced surges were 


superimposed by means of a high-voltage laboratory surge generator. 
The results of these two years of testing of various types of inter¬ 
connection and protection were reported at length in the AIEE 
Transactions, March 1932, and in Bulletin No. 42 of the Engi¬ 
neering Experiment Station of Purdue University. 

Since the solid interconnection was definitely proved by these tests 
to be most effective and since no dangerous excessive voltages ap¬ 
peared on the consumers* premises if adequately low-resistance grounds 
were provided thereon , many companies were encouraged to install 
such interconnections at a very much earlier date than would have 
been possible by the statistical field-study method. These pre¬ 
dictions of the best methods of protection are well substantiated by 
the conclusions of this paper. Reports, during recent years, of 
large reductions in transformer burnouts, and of no trouble from 
excess potentials at the consumers* premises, after the interconnec¬ 
tion was made, are confirmed by this paper and the resulting dis¬ 
cussion thereon. 

This general procedure, therefore, seems to justify the practical 
results and warrant the further consideration of laboratory methods 
of attack as co-operative projects between university research staffs 
and public utility and manufacturing corporations in order that the 
probable best solutions to such problems may be secured more 
promptly and with minimum of expense. 

It is encouraging to note the very large increase in such intercon¬ 
nections during the last few years as well as the tendency to ground 
transformer cases and to reduce ground resistances on rural consumer 
circuits. The success that these changes have attained is a further 
confirmation of the worth of such full-sized laboratory tests. How¬ 
ever, the limited number of meter burnouts may not necessarily be 
a criterion for indicating the correspondingly small number of cases 
of high potential on the consumers’ premises as some types of meters, 
at least, will withstand relatively high surge potentials without burn¬ 
out or serious change of calibration, the potential coils having suffi¬ 
ciently high inductance and such design as to permit flashover and 
the current coils having sufficiently low inductance and high carrying 
capacity to avoid damage due to heavy surge currents therein. The 
laboratory tests previously mentioned indicated that other con¬ 
sumer apparatus would flashover or burn out before meters would 
be damaged and that with house circuits closed and lamps lighted the 
attenuation of such surges was a worth-while safety factor. 

j. R. North (The Commonwealth and Southern Corporation, Jack- 
son, Mich.): Mr. Smith’s paper presents a very considerable num¬ 
ber of operating records covering the experience of different com¬ 
panies with distribution transformer protection from lightning. The 

conclusions reached should be very 
interesting to distribution engineers 
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Figure 1. Distribution transform* protective schemes 


and others concerned with the ap¬ 
plication of protective equipment. 

It would appear that the results 
of this study could be made more 
conclusive if it were possible to 
evaluate further the effects of: 

(а) . Number and severity of storms for 
the various locations. 

(б) . Age and relative insulation strength 
of the transformers involved. 

(c). Relative protective characteristics of 
the lightning arresters. 

The various methods of lightning 
protection of distribution trans¬ 
formers and the conclusions given 
are classified in the paper ac¬ 
cording to current terminology and 
by means of nine connection dia¬ 
grams. As mentioned by Mr. 
Smith, it is difficult to compare the 
operating performance and the rela¬ 
tive merits of the various schemes 
because of the lack of uniformity 
in nomenclature used throughout 
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the industry. Therefore, it would appear to be highly desirable to 
adopt a unif orm and simple system of classification of the protective 
methods. 

The lightning arrester subcommittee of the Institute’s protective 
devices co mmi ttee has given considerable thought to this, and 
figure 1 shows three diagrams illustrating all the connections com¬ 
monly used for protecting distribution transformers. The three 
basic schemes of connections may be designated as {A) noninter- 
connection, ( B) solid interconnection or (C) gapped interconnection, 
according to the connections of the ground leads of the primary pro¬ 
tective devices and the secondary neutral. These leads may not 
be connected to the secondary neutral. They may be solidly con¬ 
nected or connected through a gap. 

It will be seen from the notes on figure 1 that these three diagrams 
are applicable to all types of systems and schemes of connection. 
It is urged that some such uniform scheme of diagrams and terminol¬ 
ogy be adopted to avoid confusion and to eliminate lengthly descrip¬ 
tions of the various different protective schemes. 


L. G. Smith: The suggestions made by Halperin, North, and 
Hodnette that the storm frequency for each year in each locality be 
weighted in determining the totalized data in the summary tables, 
might be misleading in that there is still another factor which cannot 
be determined, namely, storm severity. For example, on our own 
company system we have had years in which as many thunder storm 
days were experienced as in other years but the percentage troubles 
were materially lower due to variations in storm frequency. It is 
planned after five or six years’ data have been obtained to weight 
the data supplied by each company by isoceraunic level for the 
territory for which the data was reported. Likewise the age and 
condition of the transformers involved should be considered as sug¬ 
gested by Andrews and North. However, in collecting data of 
this kind it is necessary not only to obtain from each company the 
numbers of transformers failing and number of primary fuses blown 
for each type of transformer but it is also necessary to know the 
number of transformers of each type on the system. If it was de¬ 
cided to obtain data in this amount of detail it is believed complete 
operating data would be obtained from only a few companies, as 


most companies do not keep their records in as much detail as would 
be required. It is believed that the obtaining of operating data on 
a large number of transformer installations will tend to average the 
effect of age and condition of transformers. 

As Halperin suggests, the use of the solid interconnection is prob¬ 
ably the best and cheapest means of lowering the ground resistance 
of the lightning arrester ground. Both Halperin and McMorris 
have discussed the effect of interconnection upon lightning arrester 
failures from two different points of view. While it is true as Hal- 
perin stated the effect of lowered ground resistance is to permit 
more surge current to pass through the arrester and hence probably 
result in more arrester failures, attention is called to the data in the 
McEachron and McMorris paper, which indicates that a very large 
percentage of the surges experienced on distribution systems are 
of lower current values than those which would cause arrester fail¬ 
ures. It is also true that many failures of arresters even during 
storms may be due to other causes than high surge currents. 

In reference to the poor performance of gapped interconnections 
as discussed by Halperin and Andrews it is quite possible that the 
voltage at which the gap breaks down is not materially different from 
the bushing flashover of the transformers protected. This is par¬ 
ticularly true of the older types of transformers with smaller bushings. 
If such is the case it would be anticipated that the performance with 
the gapped interconnection would not be materially different from 
that with the standard connection in view of the fact that the flash- 
over of the bushings results in effecting an interconnection with the 
secondary neutral. It is true as Andrews has mentioned that the 
rates of trouble are materially higher in rural districts. It is possible 
that the unexplained blowing of fuses mentioned by Andrews may 
be due to bushing flashovers or flashovers from the leads to the case 
that do not leave marks sufficiently to be distinguished by a subse¬ 
quent inspection. 

In reference to the relationship between the fusing schedule and 
the rate of primary fuses blown as discussed by Sanford, an attempt 
was made to correlate these two points in obtaining data. However, 
it is quite difficult to reduce a fusing schedule to a single statement. 
In summarizing the data an attempt was made to reduce all fusing 
schedules to a percentage basis. As Hodnette has suggested, from 
a theoretical standpoint at least the higher the fusing schedule the 
lower the probable rate of primary fuses blown. 
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Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following five pages appear discus¬ 
sions submitted for publication, and approved by the 
technical committees, on papers presented at the AIEE 
winter convention, New York, N. Y., January 24-28, 
1938. Authors’ closures, where they have been sub¬ 
mitted, will be found at the end of the discussion on 
their respective papers. 

The Rating of 

Resistance-Welding Transformers 

Discussion and author’s closure of a paper by C. E. Heitman published 
on pages 125-30 of this volume (March section) and presented for oral 
discussion at the electric welding session of the winter convention. 
New York, N. Y., January 26, 1938. 

D. I. Bohn (Aluminum Company of America, Pittsburgh, Pa.): 
I am in hopes that Mr. Heitman’s excellent paper on this subject 
will provoke quite vigorous comments, not only from those in the 
welding-machine industry, but from users and power companies. 

In my opinion a welding machine should have a dual electrical 
rating. Part of this rating should be that of the transformer only. 
It is not so important as to just what method is used to rate this 
transformer as long as it is agreed on. The second part of the weld¬ 
ing machine rating should advise the electrical conditions of the 
machine as a whole. A spot welder for instance may have a trans¬ 
former of a 100-kva rating defined in whatever method is agreed on. 
The machine itself however may be of such a design as to require a 
demand of 225 kva. The same transformer in another machine of 
different design may require a maximum demand of only 150 kva. 
It is quite obvious therefore that to rate the machine on the basis of 
the transformer alone is misleading to all concerned. 

Inasmuch as the thing that makes the weld is amperage, the maxi¬ 
mum available amperes at the point of weld should be given as part 
of the machine rating. 

If all machines have ratings of this nature, the question as to 
whether a machine will do a certain job could be answered directly 
without the necessity of making rather extensive electrical or weld¬ 
ing tests as are necessary with the present systems of rating. 


L. G. Levoy (General Electric Company, Schenectady, N. Y.): 
The author has presented a very lucid and timely exposition on 
the subject of resistance welding transformer rating. The wide¬ 
spread application of electronic control in the past few years has 
necessitated more dependable information to enable the user. to 
select the proper control. Either overestimating or underestimating 
control req uir ements from the name-plate ratings may cause con¬ 
siderable unnecessary expense. In the. past the only safe way to 
determine the requirements has been to make actual measurements 
on the transformer involved. This often entails delay and incon¬ 
venience, which can be avoided by proper name-plate designation. 

The resistance welder manufacturers know these requirements. 
For a variety of reasons, they have not placed this information on 
the name plate. Probably the chief reason for the absence of this 
information is that the user, in many cases, does not know the second¬ 
ary current requirements for welds, in which cases this information 
is useless. Now, however, many users know these requirements and 
yet from the data on a welding machine name plate cannot determine 
the suitability for jobs where the current requirements are known. 
Many manufacturers furnish this information on request and prob¬ 


ably will welcome a new sane standard for name-plate designations 
to be followed by all manufacturers. 

In order to eliminate all ambiguity and enable the user to deter¬ 
mine whether or not his requirements are within name-plate rating 
of the transformer, it is necessary to specify, in addition to the items 
listed by the author, the maximum allowable time over which the 
duty cycle may be averaged with the understanding that this 
average is to be taken to include the most severe duty cycle im¬ 
posed. This time is intimately associated with the thermal time 
constant of the transformer. The question arises whenever the duty 
cycle is irregular and the transformer is working near its rated capac¬ 
ity. Since this characteristic will vary with each size and design of 
transformer, the maximum allowable averaging time for the most 
severe duty cycle should be stated on the name plate to protect both 
the manufacturer and user against unintentional overloading. 

The author discusses the use of an autotransformer or a tapped 
primary winding for varying the secondary current. There is 
another practical method known as phase control, which eliminates 
the necessity and expense of supplying either an autotransformer or 
a tapped-primary winding. It is accomplished, with electronic 
control, by delaying the start of the period of conduction of each 
voltage wave beyond the power-factor angle of the welder. This 
permits a smooth, stepless variation of heat over the entire range. 
Ease and speed of adjustment has made this method popular with 
operators where frequent changes in heat are required on work of 
varying nature, or where the steps of current adjustment by the 
available taps are too large. 

L. W. Clark (The Detroit Edison Company, Detroit, Mich.): Mr. 
Heitman deserves the thanks of all concerned with the welding 
industry for his comprehensive discussion of the fundamentals in¬ 
volved in properly rating resistance welding transformers. There 
is bound to be some disagreement as to the details of standardiza¬ 
tion and recommended name-plate data, but the author’s logical 
presentation should be a great help in crystallizing the ideas of vari¬ 
ous interested groups with a resulting standardization valuable to 
everyone. 

From the standpoint of those interested in providing an adequate 
power supply for resistance welders, both in the plant itself where 
the welders are located and also from the power system providing 
the service, there are two factors mentioned by the author which 
may be further emphasized. He clearly shows the value of reduced 
impedance drop in the transformer but only mentions the effect of 
the impedance of the secondary circuit and states that it is this im¬ 
pedance that constitutes the load on the transformer. Only a very 
small percentage of the total secondary impedance is actually ac¬ 
counted for in the weld itself, the bulk of it being found in the con¬ 
ducting path from the transformer to the weld. I believe that, 
particularly in large machines, further emphasis should be placed 
upon the importance of keeping the secondary circuit as compact 
and of as low an impedance as possible thereby showing definite 
savings in welding transformer size, required distribution facilities 
throughout the plant, and power demands drawn from the power 
system. 

It hardly seems necessary to discuss this point but it is a fact 
that many of the large present-day flash and projection welders have 
much higher reactive losses than necessary, resulting in oversized 
supply equipment all along the line. Money spent in improved 
design will be repaid many times over in savings in expenditures for 
transformer capacity and distribution facilities. The amount of 
current required to make a good weld is pretty much of a fixed 
quantity for a given job, but the type of path provided for conduct¬ 
ing the current from the welding transformer to the work can be 
varied. Some of the welder manufacturers may not have realized 
the importance of this factor, and it is hoped that new machines will 
be of improved electrical design, resulting in lower power demands 
and lower costs of service for the user. 

On the subject of name-plate rating, it is highly desirable that when 
the transformer is part of a complete welding machine, the maximum 
instantaneous kilovolt-ampere demand be given, as recommended 
by the author. With the present practice of a name-plate rating 
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based on a 50-per-cent-duty cycle, there is no logical basis upon 
which to lay out an adequate supply system. It becomes necessary 
to "guess'* that the instantaneous demand will be two to five times 
the name-plate rating which is certainly poor basic information upon 
which to authorize plant expenditures for serving new equipment. 
The maximum instantaneous demand with the transformer operating 
on the highest voltage tap should be incorporated as part of the 
standard name-plate data. 


H. S. Hubbard (nonmember; General Electric Company, Pittsfield, 
Mass.): Mr. Heitman's paper is of timely interest to both the user 
and manufacturer of welding transformers. Certainly it is apparent 
that the subject of transformer ratings for this class of service should 
be given serious consideration and it is logical that this should 
follow other standard lines of equipment. 

The 50-per-cent-duty cycle, so commonly used as a rating basis, 
has little bearing on the capability of a transformer to perform satis¬ 
factorily on duty cycles for other than which it was originally de¬ 
signed. While the theoretical equivalent rating for any other period 
of operation may be easily determined from this value, there are 
real practical limitations dependent upon the transformer charac¬ 
teristics, which may restrict the use of a particular unit for a specific 
application. 

Above all, the manufacturer should know the maximum instan¬ 
taneous load requirement and the maximum duty cycle at that load. 
This permits him to so proportion his design that reasonable values 
of resistance and reactance are obtained and to determine the ther¬ 
mal rating on an equivalent continuous basis. 

It is desirable that reactance and resistance be considered sepa¬ 
rately rather than as combined impedance for the reason that with 
the low power factor in the usual type of welding circuit, the re¬ 
actance component is more nearly in phase with the load current 
and consequently influences the regulation much more than the re¬ 
sistance component. Thus two similarly rated transformers having 
the same impedance value might vary considerably in the matter of 
regulation. 

In specifying a definite impedance in per cent, it is assumed that 
the designer has full control over the governing factors. This is not 
always so and cases will arise where it is economically impractical 
to meet such requirements. Perhaps it Would be best to state the 
impedance or reactance rather than limit it to a fixed value. 

Two transformers of the same kilovolt-ampere rating, but with 
different secondary voltages might have the same impedance drop 
in volts, but in per cent would vary inversely with the actual voltage 
output. This it would seem, might penalize an ordinary satis¬ 
factory design, if limits are too closely restricted. 

While the true ohmic value of the loop impedance is numerically 
low as stated in the paper, the per cent impedance is usually ex¬ 
tremely high, approaching 100 per cent of the transformer voltage. 
The power component across the weld is a very small factor and the 
voltage rating of the transformer is consequently influenced largely 
by the inductance of welding circuit or loop. Thus it is of utmost 
importance that the voltage drop in any welding circuit be carefully 
determined before the kilovolt-ampere rating can be specified. 

In the matter of temperature rise, would it not be consistent to 
limit this to the AIEE standards for whichever class of insulation 
is used in the transformer design, that is, for class A, 55 degrees 
centigrade; and for class B, 75 degrees centigrade. 

In connection with the chairman's request for items which might 
profitably be studied by the committee, I would like to suggest that 
an effort be made to correlate existing data on "loop" inductance 
and the methods used to calculate this circuit. There appears to be 
a divergence of opinion in this regard and it is difficult to obtain 
consistent data which might be applied generally. This is particu¬ 
larly important for as mentioned earlier in this discussion, the volt¬ 
age drop in the secondary circuit is the major determining factor 
in the selection of the proper transformer voltage and hence 
the kilovolt-ampere rating for a particular job. 

Some time ago in co-operation with one of the equipment manu¬ 
facturers, we made a brief study of the kilovolt-ampere require¬ 
ments for various size loops and based on the data submitted, de¬ 
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veloped a simple family of graphs. Although largely empirical, we 
have found these curves quite useful as a reference and I am sure 
that a more thorough study of this particular problem would be 
generally helpful to the industry. 


S. M. Humphrey (nonmember; Taylor-Winfield Corporation, 
Warren, Ohio): I do not believe that anything will be accomplished 
unless the AIEE can agree to adopt a standard method of rating 
which has a reasonable chance of being accepted by other organiza¬ 
tions such as the manufacturers of resistance-welding equipment, 
and their customers. Fundamentally it does not make any particu¬ 
lar difference what the system of rating is as long as it is based on 
sound engineering principles and is universally acceptable. 

Since a very large percentage of purchasers and users of resistance 
welding equipment are not electrical engineers, in fact they are not 
conversant with electrical terms, but have been brought up to con¬ 
sider that a transformer with certain kilovolt-ampere name plate 
will stand about so much, it would not be at all practical to attempt 
at this time to suddenly change this name-plate figure and then at¬ 
tempt to explain that a 70-kva transformer is now the same as a 
100-kva used to be. 

For this reason I strongly recommend that the present system of 
rating based on a 50-per cent duty cycle be adopted as standard by 
the AIEE. This would be as equally understandable by electrical 
engineers as the 100-per cent duty cycle and in the eyes of many users 
would not constitute any change at all. 

In order to completely specify the transformer, it seems to me it 
would also be worth while to specify what its rating should be on the 
low tap as well as the high tap. 

In regards to per cent impedance, I believe the best system would 
be to actually specify the impedance on the name plate in all cases. 
I am not in favor of specifying both resistance and reactance since 
in most cases the impedance is sufficiently close for all practical cal¬ 
culations and, furthermore, the actual resistance is a small part of 
the impedance and also very difficult to measure without machining 
special short-circuiting members for that purpose. 

In regard to the temperature rise, I believe it best to adopt the 
present standard of 55 degrees for class-^4 insulation, and 75 degrees 
to class-3 insulation. 

Regarding the cooling water required, it might also be worth 
while to specify what pressure is needed to obtain the required gal¬ 
lons per minute for cooling. 

In regard to the machines, it is very difficult to specify on the 
machine name plate the maximum primary current which will be 
drawn. If this were done it would have to be specified with the 
lower knee in its raised position and with the shortest horns which 
the machine could use, and if this figure were then used as a basis for 
power installation and purchase of control equipment, it might 
burden the purchaser with a much more expensive installation than 
was required for the work to be done. 

At the present moment the Taylor-Winfield Corporation are 
supplying with a portion of their standard machines complete curves 
covering both the primary and secondary currents for all possible 
geometrical combinations of the secondary circuit and will extend 
this service to cover their entire line of machines as soon as possible. 

The use of electronic control has been mentioned here by one of 
the representatives of the General Electric Company. There is one 
fact regarding its use which I believe should be pointed out since it 
will have some bearing on the power company's problem, and that is 
that heat reduction by means of electronic control results in a 
higher root-mean-square primary current than is obtained if the 
current reduction is made by means of a tap transformer or auto¬ 
transformer. The increase in root-mean-square value is accounted 
for entirely by harmonics due to the wave form obtained from elec¬ 
tronic heat control. The fundamental component of the current 
is the same with either system on secondary current reduction. 

The above comments should not be construed to mean that I 
am opposed to electronic control. I believe it to be a very valuable 
addition to resistance welding equipment and from actual use have 
found it to be as fine a means of welding-current control as has yet 
been devised. 
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G. S. Bernard (nonmember; Aluminum Company of America, 
Pittsburgh, Pa.): I certainly agree with Mr. Heitman in that the 
name-plate data now furnished on resistance-welding transformers 
is of little value to the user of this equipment. The use of a thermal 
equivalent continuous kilovolt-ampere rating based on the maximum 
continuous secondary current which can be drawn from the trans¬ 
former without exceeding the safe operating temperature of the 
insulation materials employed and the maximum rated open-circuit 
voltage is a logical method of rating any transformer whether for 
continuous or intermittent duty. 

In making use of this kilovolt-ampere rating as proposed by Mr. 
Heitman, we must not lose sight of the fact that the current delivered 
by the transformer and not the kilovolt-amperes delivered should 
be used as a basis to determine if any given loading is within the 
safe limits for a given transformer. 

Thus, regardless of the secondary voltage which may be used to 
obtain the welding current, the thermal equivalent continuous 
kilovolt-amperes is obtained by multiplying the secondary current 
by the maximum rated open circuit secondary voltage and the 
square root of the duty cycle. 

As an example, consider the 34 . 7 -kilovolt-ampere transformer 
proposed by Mr. Heitman. 

Suppose that we wish to find the maximum duty cycle at which 
each of the following welding loads could be supplied. 

Case I 

Welding current = 10,000 amperes 
Load impedance » 0.001 ohm 

Case II 

Welding current 10,000 amperes 
Load impedance = 0.0005 ohm 

Case III 

Welding current = 5,000 amperes 
Load impedance = 0.001 ohm 

Case I 

Open-circuit .voltage required is: 

Vi = 10,000 X 0.001 + 0.04 X X 11.6 = 11.6 volts 

10,000 X 11.6 — 34.7 kva 

1,000 

Va = 0.30, Dt - 0.09 - 9.0 per cent 


The above calculations show the method of using the T.E.C. 
[thermally equivalent continuous] kilovolt-amperes in calculating 
safe loadings for welding transformers. Had we used the actual 
secondary voltage instead of the rated maximum voltage, we would 
have obtained duty cycles of 27 per cent for case II and 143 per cent 
for case III which, considering the currents used, are obviously in¬ 
correct. . - 

In selecting the proper maximum open circuit secondary voltage 
to obtain a given secondary current, an allowance for voltage drop 
in the lines supplying the welder transformer must be made. Un¬ 
less the welder happens to be located favorably with relation to a 
large source of power, it will not be economical to provide a voltage 
regulation better than 2 per cent based on the T.E.C. kilovolt¬ 
ampere rating or six per cent based on the maximum current demand 
during the weld. As this supply line impedance is comparable to 
the transformer impedance, it should be included in the calculations 
of open circuit secondary volts required. # . 

The inclusion of this factor will indicate the use of open circuit 
voltages some six to ten per cent higher than those which would be 
used if only transformer and load impedance were considered. The 
transformer kilovolt-amperes required will also have to be increased 
in proportion to the increased secondary voltage. 

F. H. Roby (Square D Company, Milwaukee, Wis.): Manufac¬ 
turers and users of resistance welding control equipment welcome 
any standardization of the kind suggested in Mr. Heitman* s paper 
entitled, "The Rating of Resistance Welding Transformers.” 

Although welding transformers presumably have heretofore been 
rated on a 50 -per-cent-duty-cycle basis, it has been almost impossible 
to calculate the magnetic contactor load in amperes, because of 
widely varying transformer design. Contactor ratings are properly 
based upon the load current (primary of transformer), primary volt¬ 
age, interruptions per unit of time and length of welding peno . 
Of the four factors involved, the load current is the most important 

and least often determinable. . 

It is true that nearly all manufacturers of control equipment have 
conducted tests to fix values of currents that can be safely inter¬ 
rupted under given operating conditions but this data is useful only 
to the individual in possession of the transformer or welding machine 
performance characteristics. If sufficient information is not in¬ 
cluded as name-plate data on both transformers and machines, there 
is little hope that contactors will be successfully applied by any one 
except the manufacturer of the equipment. # 

If the standardization under discussion becomes effective and all 
concerned use it, then manufacturers of control equipment can 
publish contactor-rating data that will be helpful to all in the in¬ 
dustry. 


Case II 

Open-circuit voltage required is: 

V 2 - 10,000 X 0.0005 + 0.04 X 10,000 X 11.0 - 6.6 volts. 

But in calc ula ting thermal equivalent continuous kilovolt-amperes 
we use the rated voltage 

10,000 X I Lg x a /F, =3 34.7 kva 

1,000 

Va » 0.30, D 2 - 0.09 = 9.0 per cent 
Case III 

Open-circuit voltage required is: 

V, = 5,000 X 0.001' + 0.04 X ~ X 11.6 = 5.8 volts 
Again we use the rated secondary voltage 

S’ 000 * 1 . 1 * x Vd, = 34.7 kva 
1,000 

VF, = 0.60, Dt = 0.36 = 36 per cent 


t L. Briggs (nonmember; Thomson-Gibb Electric Welding Com- 
iany, Lynn, Mass.): I agree in principle with the recommendations 
uggested in this paper. It should be possible for auserof resistance- 
elding equipment to determine the exact capabilities of his machine. 
3 e should know how much it is capable of doing and how rapidly it 
' _ u_T .1.M.M Iitp however, to take certain exceptions to 


his recommendations and statements. 

In a great majority of cases finished machines never experience 
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any changing of their transformers, portable spot welding equip¬ 
ment being practically the only exception. I therefore recommend 
that the complete welder be rated with the exception that the short- 
circuit impedance of the complete welder be stated rather than the 
per cent impedance at rated kilovolt-amperes. X also recommend 
that the method of rating suggested in this paper be applied to all 
transformers installed or to be used with portable welding equip¬ 
ment, with the exception that the six-per-cent value assigned as a 
standard for the percentage impedance be altered. 

The value of six per cent suggested as a standard for the impedance 
drop does not seem consistent with the actual conditions involved in 
a resistance welding transformer. Consider figure 1 which shows 
the load vector diagram of a transformer referred to the secondary. 
Now 

Ei — open-circuit secondary voltage 
E% = secondary voltage across load 
I = load current 
Rz = load resistance 
Xl — load reactance 
R ~ transformer resistance 
X — transformer reactance 
<f> — current phase angle 

By th.6 definition of the impedance drop 


Ei - E 2 AH 

Zi ~ El ~ E, 

a) 

But 


AH = ~AF + ~FG + GH 

(2) 

AF = IR cos <f> 

(3) 

FG — IX sin <£> 

(4) 

The value of GH in a transformer is small in proportion to AH and 
this is true for all loads except at or near no load and for any power 
factor. Let us assume that GH = 0.2AH as a maximum and use 
this value in our analysis. 

Therefore 

AH — 0.2 AH = IR cos <f> + IX sin <f> 

(5) 

AH - 1.25 (IR cos <f> + IX sin <t>) 

(6) 

Now 


Z d = (IR cos <f> + IX sin <f>) 

Ei Ei 


~ 1.25 (R cos <j> + X sin <f>) 

Ei 

<t> 

But 


Ei 

-j — Z t the total impedance 

(8) 

Hence 


1 25 

Z d = —— {R cos <#. + X sin <f) 

Zt 

(9) 

Equation 9 should be substantially accurate for the thermally 
equivalent kilovolt-ampere load condition, and at this loading it has 
been suggested that Z d — 0.06. Therefore 

1.25 

0.06 — (R cos <f> + X sin <t>) 

Zt 

(10) 

or 


0.048Zf = R cos <f> + X sin <f> 

(11) 


This last equation states a relationship between the total impedance 
and the transformer resistance and reactance. If the transformer 
design and load conditions result in a very high power factor load, 
fhpn 


0.04 SZ t - R approximately (12) 

This is a condition closely met in actual practice and demonstrates 
that the Z d = 6 per cent is a proper value for high-power-factor 
loads used with power transformers. If the transformer is a resist¬ 
ance-welding transformer and the loads are those met in resistance 
welding the power factor is low, and 

0M8Z t = 0.7 R + 0.7X as an example (13) 

This is a condition almost impossible to meet in actual practice. 
Actually the sum of the fractions of the transformer resistance and 
reactance in the case of butt welders may be 0.5Z t which indicates 
that Z d should, approximately be 65 per cent for these types of 
welders. This value of Z d must necessarily be different for the 'trans¬ 
formers used in the other types of welding machinery. 

I therefore recommend that a value of Z d be established for the 
welding transformer which is commensurate with the type of welder 
in which the transformer is to be installed. It is still my belief, 
however, that excepting the portable welding equipment it is better 
to use the short-circuit impedance data for the purpose of rating the 
welder complete rather than to rate the transformer proper in terms 
of its impedance drop at a specified loading. 


C. E. Heitman: It is gratifying to the author to note the number of 
very pertinent discussions of this paper which indicate that there 
is considerable interest in, and desire for, standardization of welding 
transformer ratings. It is sincerely hoped that this paper and these 
discussions will stimulate further activity in this direction which 
will bear fruitful results. 

The discussion by Mr. Bernard brings out two important points 
which I failed to stress in the paper. First, that in calculating the 
maximum permissible duty cycle, the maximum open-circuit 
secondary voltage should be used in conjunction with the thermally 
equivalent continuous kilovolt-amperes. However in this connec¬ 
tion I should like to bring out one more point which some of you 
may have considered already. Referring to case II of Mr. Bernard’s 
discussion, with an open-circuit voltage of 6.6 volts, the member of 
primary turns will be roughly twice that used in obtaining the maxi¬ 
mum secondary voltage. The primary resistance will therefore be 
approximately twice, but for the same secondary current, 10,000 
amperes, the primary current will be one-half. The primary heating 
will therefore be (1/2) 2 X 2R = ty* PR or one-half its previous value. 

The secondary heating will of course be the same. The deter¬ 
mination as to whether or not the transformer can stand a duty 
cycle higher than nine per cent will depend upon what percentage 
of the total copper loss is contributed by the primary winding. If 
the primary could contribute all the copper loss it is obvious that 
the duty cycle could be doubled in this case, since the core loss, 
per weld, is approximately one-fourth its previous value. However, 
since the present design tendency is to make the primary copper 
loss low, a reduction of 50 per cent in this factor will make very 
little difference in the total copper loss. However for most present- 
day designs, the duty cycle could be increased above nine per cent 
in case II, but for safety it is not desirable to do so. If the actual 
values of primary and secondary copper losses are known, an ac¬ 
curate determination of the maximum permissible duty cycle 
(somewhat above nine per cent) could be made. 

Second, Mr. Bernard brings out the point that the impedance of 
the primary line feeding the transformer should be considered in 
calculating the open-circuit secondary voltage of the transformers. 

Both of these considerations were omitted from my paper since 
I felt that they might be confusing in a discussion of transformer 
ratings. I furthermore felt that although the question of primary 
feeder impedance is very pertinent to resistance welding, it was not 
within the scope of this paper. It is a subject within itself and one 
which needs further discussion. 

Regarding the question raised as to the maximum allowable time 
over which the duty cycle may be averaged, I feel that this can best 
be answered by the manufacturers. I am therefore suggesting that 
they offer recommendations in this connection, with the idea in mind 
that this information will not be included on the name plate, but 
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that values of time, depending upon the rating, or group of ratings, 
be given in the standards. For example, in transformers rated 
from 25 to 75 kva the duty cycle may be averaged over a certain 
period, whereas transformers rated from 75 to 150 kva may be 
averaged over a different time period. I recommend that the ratings 
be divided into such groups and a definite averaging time be as¬ 
signed to each group and included in the standards, rather than add¬ 
ing this information to the name plate. 

Mr. Hubbard’s suggestion that the reactance and resistance be 
considered separately rather than as a combined impedance, is very 
pertinent. Such information would undoubtedly be desirable, if 
the manufacturers would agree to supply it. However, I feel that it 
is not essential. That a standard based on the assumption that the 
transformer impedance voltage is in phase with the load voltage, 
will take care of the worst condition, from a standpoint of regulation, 
and will therefore serve the purpose. If certain manufacturers 
desire to include this information on the name plate, or submit it to 
the customer in the form of a test report, I do not have any ob¬ 
jections. However, in outlining standards such as these, I feel that 
the required name-plate information should be held to a minimum. 

I am in hearty agreement with Mr. Hubbard’s suggestion that the 
resistance welding committee make a study of existing data on loop 
impedances and methods used for calculating this data. I have 
certain data on this subject and I am sure many others connected with 
the art have likewise. A correlation of this data would prove most 
useful and beneficial to all concerned. 

I am in partial agreement with Mr. Humphrey in that it does not 
make any appreciable difference what standard of rating is adopted, 
so long as it is technically sound and rigidly adhered to by the vari¬ 
ous manufacturers. From a technical standpoint, a rating based 
on a 50-per cent duty cycle is just as sound as one based on the con¬ 
tinuous or 100-per cent duty cycle. I feel that the 100-per cent 
duty cycle rating is the most logical and I have recommended this 
for adoption as standard. However, if it is felt by all concerned that 
a standard rating based on a 50-per-cent-duty cycle will be more 
universally accepted and adhered to, I feel that this should be 
adopted. 

In this connection I might add that in the discussion which fol¬ 
lowed the presentation of this paper, the suggestion was made that a 
standard be adopted which would keep the name-plate kilovolt¬ 
amperes as low as possible. Such a standard would obviously be 
based on a 100-per cent duty cycle. Rated on this basis a certain 
transformer might have a name-plate rating of 100 kva, whereas the 
same transformer if rated on the basis of a 50-per-cent duty cycle 
would have a name-plate rating of 141 kva. 

I would like to express my further approval of Mr. Humphrey’s 
suggestion that the required cooling be expressed in terms of water 
pressure required rather than in gallons per minute. 

The thought expressed in Mr. Brigg’s discussion has been men¬ 
tioned before in certain verbal discussions which I have had with 
various interested parties. Mr. Briggs feels that it is not practical 
to obtain a transformer impedance as low as six per cent in units 
having a very low open-circuit secondary voltage. In the example 
he cites of a butt-welding transformer, the maximum open-circuit 
secondary voltage would be in the neighborhood of five volts. A 
normal impedance of six per cent would mean an impedance voltage 
drop of only 0.3 volts in the transformer. This, Mr. Briggs feels, 
is impractical to obtain. I think it best to abide by the advice and 
opinions of the various manufacturers in this matter, since through 
their experience, they are in a better position to state what they can 
obtain economically. I do know however that an impedance of 
six per cent can be obtained with an open-circuit secondary voltage 
of 15 volts in ratings up to 200 kva. To outline a group of standard 
impedances based on a kilovolt-ampere rating and open-circuit 
secondary voltage ranges might be too complicated for the purpose 
of standardization. It therefore seems desirable to omit from the 
standards any specification as to the quantitative value of the trans¬ 
former impedance, but rather to require that the manufacturer 
state on the name plate, the value of the impedance, whatever it 
might be, at rated load. It will therefore be left to the judgment of 
the user to select the transformer having the lowest impedances, 
all other factors being equal. 


Most of these discussions have been confined to items 5, 6, and 8 
of my recommendations, and from them I am prompted to make the 
following changes in the recommendations: 

Item 6 to read f< Per cent impedance at rated kilovolt-amperes” 
Item 8 to read "Type of cooling required (if water-cooled state 
required pressure at specified intake temperature)” 

I will not revise item 5 at present, but if it is mutually agreed that 
a rating based on a 50-per-cent-duty cycle will be more satisfactory 
to all concerned, I will co-operate toward its adoption as standard. 

In conclusion I should like to emphasize the fact that these stand¬ 
ards, in order to be effective, must first of all be technically sound, 
and secondly universally accepted by all concerned. It is sincerely 
hoped that the manufacturers and the users of welding equipment 
will co-operate toward arriving at a standard that will meet these 
two conditions. 

Recent Advances in 
Resistance Welding 

Discussion and closure of a report of the subcommittee on resistance 
welding of the AIEE committee on electric welding published on 
pages 37-8 of this volume (January section) and presented for oral 
discussion at the electric welding session of the winter convention. New 
York, N. Y v January 26,1938. 

L. W. Clark (The Detroit Edison Company, Detroit, Mich.): The 
report mentions the increased use of large-size welders, with trans¬ 
former ratings in excess of 1,000 kva not being uncommon. Where 
there are many such large welders in a single plant as is true in most 
automobile and accessory plants, the problem of providing an ade¬ 
quate plant distribution system for serving the welders becomes 
important. The system must allow only a minimum of voltage 
drop which means a low-reactance design capable of serving the 
extremely high-current, low-power-factor loads. 

A low reactance bus system designed and installed during the past 
year by one such user of welders is a distinct advance along such 
lines and a short description would seem appropriate. The main 
section of bus consists of a four-inch standard copper tube surround¬ 
ing an extra-heavy three-inch copper tube with "micarta” tubing 
insulation between. The outer conductor is grounded, doing away 
with the necessity for any bus supports or outer insulation. Taps 
are brought out from the inner conducting tube at six-foot intervals, 
at which point a maximum of four welder control contactors can be 
located. Branch busses, each consisting of a two-inch standard 
tube surrounding a one-and-one-quarter-inch extra-heavy tube, 
radiate from the main bus at intervals throughout the plant. 

The main bus can transmit 1,000 amperes of 40-per-cent-power- 
factor 440-volt welding current, a distance of 800 feet with only one- 
per-cent voltage drop, and the branches can transmit the same cur¬ 
rent 300 feet with one-per-cent drop. Large welders with current 
swings of 3,000 and 4,000 amperes can thus be served at considerable 
distances from the supply transformers and not cause over three- or 
four-per cent voltage drop in the bus system. 

One such bus system, fed by 1,500 kva of transformers, serves four 
floors of factory area with a maximum transmission distance to the 
furthest machine of about 300 feet. Another is laid out in the form 
of a loop with over 1,000 feet of bus for serving a large ground floor 
manufacturing space. There are a total of about 18,000 kva of 
various types and sizes of resistance welders operating in regular 
production from these two systems. 

C. L. Pfeiffer: I wish to thank Mr. Clark for his description of a 
low-reactance bus system for large-capacity resistance-welding 
machines. The question of power supply has always been not only 
an important but a vexing one in resistance welding for both the 
user and power company and improvements along these lines are of 
vital interest to the industry. 
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An Electronic 
Arc-Length Monitor 

Discussion and author’s closure of a paper by Walther Richter published 
on pages 115-17 of this volume (March section) and presented for 
oral discussion at the electronics session of the winter convention. New 
York, N. y., January 25, 1938. 


J. E. Waugh (nonmember; General Electric Company, Schenectady, 
N. Y.): This discussion covers merely the scope of an “Electronic 
Arc-Length Monitor” and not the equipment involved. 

A layman is very apt to infer that, if the monitor is set within 
proper limits for a given electrode and the arc length is maintained 
within these limits by the welding operator, the result will be a per¬ 
fect weld. This would mean that at last the boiler code authorities 
had found an instrument to check the quality of the welds. 

However, it is not necessarily true that good welds will be pro¬ 
duced if the operator maintains an arc length within the monitor 
limits. It is possible to obtain correct arc-length indications from 
the monitor and still obtain a very unsatisfactory weld. Conversely, 
it is possible to obtain very erratic results with an arc length monitor 
and still produce a satisfactory weld-metal deposit. 

Under the first condition, one of the chief causes of weld defects is 
the failure on the part of the operator or automatic welding equip¬ 
ment to obtain proper fusion to the side walls of the joint being 
welded. The arc-length monitor will not indicate such a condition, 
since the operator can hold the correct arc length and still not direct 
the arc sufficiently against the side walls to obtain proper fusion. 

In the second case, in making the first pass of a vertical fillet or 
butt weld, the operator must “whip” his electrode in and out of the 


molten pool in order to properly locate the weld metal. This con¬ 
dition will show very erratic indications on the monitor, yet the 
weld is perfectly sound. 

Both of these conditions are very clearly shown on a recording 
voltmeter which we have used with the same purpose in mind as 
the monitor, namely, to predict the quality of the weld. An ex¬ 
amination of many charts and the result of the physical t ests forced 
us to reach the conclusion that we could not predict the quality of 
the weld from the chart readings. 

From our point of view a monitor of the type described in Mr. 
Richter’s paper would prove useful in training new men as welders, 
indicating to the man the correct voltage he should be maintaining. 
It should also prove valuable as an occasional check on product ion 
welders, but we feel that its general use, while acting as an aid toward 
improving the quality of the weld, could not represent a "cure-all" 
for weld defects. 

Walther Richter: The instrument was never intended to predict 
the quality of the weld, since we know of course, that the arc voltage 
is only one factor of many affecting the quality of the weld. We 
therefore fully agree with Mr. Waugh that the use of the instrument 
cannot guarantee a perfect weld. But on the other hand, it is well 
known that various electrodes require different voltages for best 
results and it is clear that if the welder fails to use the proper voltage, 
an inferior weld will certainly be obtained. The instrument will 
in this case eliminate at least the possibility of a bad weld due to 
using the improper voltage, and therefore seems to render a worth¬ 
while service. We feel that the instrument has great value in 
training men, checking up on their performance and in all cases 
where it is desirable or necessary to hold the arc voltage within 
close limits. 
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A Carrier Telephone System for Toll Cables 

By C.W. GREEN E. I. GREEN 

MEMBER AIEE MEMBER AIEE 


Synopsis: A new 12-channel carrier telephone system for existin g 
cables is described. This system, which incorporates a number of 
interesting departures from the previous carrier art, is now being 
manufactured in considerable quantities to meet increased traffic 
requirements. 


Jk N IMPORTANT advance in the art of carrier 
telephony has been made by the development of 
* ^ a new 12-channel system, known as the type K, for 

toll telephone cables of existing type. It is applicable 
both to cables installed underground, and also to aerial 
cables, for which the wide range of temperature variation 
introduces quite difficult transmission problems. Field 
trials on cables previously installed between Toledo and 
South Bend have been successful, and the system is now 
being manufactured to meet field demands. 

This new development is an outgrowth of the experi¬ 
ments at Morristown, N. J., described by Messrs. Clark 
and Kendall before this Institute in 1933, 1 and the essen¬ 
tial principles of the new system were included in those 
experiments. The earlier work dealt, however, with cable 
specially designed for carrier operation, and only under¬ 
ground cable was experimented with. As that work drew 
to a close, it became clearer that because of general eco¬ 
nomic conditions several years would elapse before the 
Bell System would require any substantial increase in toll 
facilities. Hence this early system was not put into com¬ 
mercial form, but work was continued to determine the 
extent to which carrier could be applied to existing cables, 
of which more than 15,000 miles were available for such 
use. Serious problems of crosstalk at high frequencies 
had to be reckoned with. A more serious problem, how¬ 
ever, was that of maintaining stability of transmission, 
since with aerial cable, which comprises about two-thirds 
of the existing cable mileage, the total variation in attenu¬ 
ation, due to temperature variation, is about three times 
that for underground cable, and the rate of variation 
not infrequently is several hundred times as great. 

In spite of these and other difficulties, the capabilities 

Paper number 37-136, recommended by the AIBE committee on communica¬ 
tion, and presented at the AIEE winter convention, New York, N. Y., January 
24—28, 1938. Manuscript submitted October 29, 1937 ; made available for pre¬ 
printing December 18, 1937. 

C. W. Green is carrier telephone engineer with the Bell Telephone Laboratories, 
Inc., New York, N. Y., and E. I. Grbbn is in the transmission development de¬ 
partment of the same company. 

1. For all numbered references, see list at end of paper. 


of the present system go far beyond those of previous 
systems. As a development objective the maximum 
length was taken as 4,000 miles, with as many as five 
separate systems linked together. On the basis of results 
thus far obtained it is expected that for these exacting con¬ 
ditions the performance with respect to crosstalk, noise, 
transmission stability, width of voice band, and other 
characteristics will equal or exceed that of previous facili¬ 
ties for much shorter distances. 

Superior performance has been achieved without ma¬ 
terial effect on the cost of the system. For distances of a 
few hundred miles, on moderately heavy traffic routes, it 
will provide telephone circuits at a much lower cost than 
previous facilities. The minimum distance for which 
the system will be useful may be less than 100 miles. 
Interesting features of the new system are: 

1. A line of very high attenuation, requiring high-gain repeaters 
spaced at approximately 17-mile intervals. This would mean, for 
the maximum distance for which the system is designed, more thf «i 
200 repeaters in tandem. 

2. The use in the repeaters of the negative feedback principle of 
amplification to obtain the requisite stability and freedom from 
modulation. 

3. Small auxiliary repeater stations, established between existing 
voice-frequency repeater stations, housing equipment which can 
be left for considerable periods of time without attention. 

4. A system of transmission regulation whereby huge variations 
of attenuation, differing at each frequency, are automati call y equal¬ 
ized to a high degree of accuracy, 

5. New methods of crosstalk and noise reduction. Small adjust¬ 
able mutual inductance coils are connected between carrier pairs to 
balance out the crosstalk. The noise is kept at an extremely low 
level to permit the high gains. 

6. Channel terminal equipment designed so that it may be used in 
other types of carrier systems, thus simplifying development and 
manufacture, and facilitating the interconnection of different types 
of systems. 

7. Speech bands considerably wider than those of existing facilities. 
The increase is obtained by spacing the channels at uniform 4,000- 
cycle intervals, and employing channel band filters containing quartz- 
crystal elements. 

8. High speed transmission, which is of considerable value from the 
standpoint of minimizing delays and echoes. 

A general description of the system is presented herein, 
and the different parts are taken up in greater detail in 
Other papers. 
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Figure 1. Schematic of type K system 


General Considerations 

The type K system, whose elements are illustrated 
schematically in figure 1, operates on a “four-wire” basis, 
using the same frequency range, but different electrical 
paths, for opposite directions of transmission. Thus it 
differs from open-wire carrier systems, for which the line 
is not suitable for four-wire operation, and which therefore 
require complicated and expensive filters to separate the 
different frequency bands used for transmission in op¬ 
posite directions. A high degree of shielding between the 
two cable paths is necessary to avoid the effects of near¬ 
end crosstalk, which would be serious because of the large 
level differences existing at the repeaters and the terminals. 
On routes where two or more cables exist, such atiieMfng 


is obtained by employing two separate cables, with, trans¬ 
mission in one direction only in each section of cable. On 
single cable routes, a similar arrangement is obtained by 
adding a small cable. Where there is no cable, two small 
cables may be provided. Also satisfactory shielding be¬ 
tween the carrier pairs used for opposite directions of 
transmission has been obtained in short experimental 
lengths of cable by the use of a layer shield. 

Frequency Allocation 

In contrast to the original Morristown system which 
gave nine one-way channels per pair in the range from 4 
to 40 kilocycles, the type K system has 12 channels in 
the range from 12 to 60 kilocycles. As shown in figure 
2, the frequency range of the type K system is roughly 
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Figuie 2. Frequency allocation of carrier telephone systems 
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double that of preceding open-wire carrier systems. 8 The 
choice of 12 and 60 kilocycles, respectively, as the lower 
and upper frequency limits was governed by economic 
considerations, and there is nothing technically insur¬ 
mountable either in going to considerably higher fre¬ 
quencies or in utilizing the lower frequency range, which 
is now idle except for the use of the d-c path for purposes 
of transmission regulation and fault location. Important 
factors influencing the selection of the upper frequency 
are the crosstalk, which depends on the number of pairs 
utilized for carrier in one cable and the extent to which 
special crosstalk balancing means are used, and the attenu- 


quency which is familiar in most transmission circuits. 
This effect is brought about largely by the increase in con¬ 
ductor resistance, due to skin effect, and the increasing 
dielectric losses. More important than this, however, is 
the fact that the resistance of the wires and the other 
constants” of the cable pair undergo variations with tem¬ 
perature, which in turn affect the attenuation. The magni¬ 
tude of the result for a representative nonloaded 19-gauge 
cable pair is illustrated by the curves of figure 4, which 
show, respectively, the attenuation for an average tem- 


ation, which largely controls the spacing between repeaters. 
Factors affecting the lower limit include the difficulty of 
maintaining accurate transmission regulation over the 
whole frequency range, and the design of the repeater, 
which becomes harder as the ratio of maximum to mini¬ 
mum transmitted frequency is increased. 

The frequency range between 12 and 60 kilocycles ac¬ 
commodates 12 speech channels, each occupying a gross 
band of four kilocycles. The single-sideband method of 
transmission is employed, with carrier frequencies sup¬ 
pressed. The choice of a group comprising 12 channels 
was influenced not alone by the requirements of the type 
K system itself but also by those of other broad-band 
systems. From the earliest stages of the broad-band de¬ 
velopment it was recognized that there would be consid¬ 
erable advantage from the standpoints of flexibility of 
interconnection, of minimum development effort, and of 
large scale production of equipment units, if the designs 
of different broad-band systems could be so co-ordinated 
as to enable the same design of channel terminal equip¬ 
ment to be employed for each. A common 12-channel 
terminal unit developed for this purpose is used in the 
type K system. 

The spacing of the channels in broad-band systems is 
important from the standpoint of the channel selecting 
circuits and the width of the derived voice circuit. As 
discussed in a recent article, a uniform 4,000-cycle interval 
has been adopted for the different channels of all broad¬ 
band systems. 8 The speech band width obtained with this 
spacing is in keeping with recent improvements in tele¬ 
phone instruments and other parts of the telephone plant. 
Over-all transmission-frequency characteristics for a single 
link and a five-link connection are shown in figure 3. 
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Figure 3. Transmission-frequency characteristics of over-all 

circuit 


Hie type K system is designed to be applied to the 
number 19 American Wire Gauge (0.9 millimeter) pairs 
commonly found in existing cables. (The Morristown 
system used 16-gauge pairs.) Because the conductors are 
small and closely spaced, with paper and air dielectric, 
the attenuation of a nonloaded 19-gauge pair at the fre¬ 
quencies involved is inherently high, as will be seen from 
figure d. Because of the high attenuation, the repeaters 
must be placed much closer together than is necessary for 
voice-frequency cable circuits. Fortunately this effect is 
partly offset by the fact that it is possible, as discussed 
later, to use higher gains in the carrier repeaters. 

The cable pairs exhibit the rise in attenuation with fre- 
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perature, assumed to be 55 degrees Fahrenheit, and for 0 
and 110 degrees Fahrenheit. The latter values, often 
taken as the extremes of annual variation for an aerial 
cable, are in fact frequently exceeded 1 . One reason for this 
is that when the sun is shining directly on an aerial cable, 
it may assume a temperature from 15 degrees to 25 degrees 
above that of the ambient air. The range of temperature 
variation (and attenuation variation) for an aerial cable 
may be half as much in one day as in an entire year. For 
an underground cable, changes of temperature occur quite 
gradually and the total annual variation is about one- 
third of that for an aerial cable. 

These relations between the attenuation of a cable pair 
and the frequency and temperature are of fundamental 
importance in the design of the type K system. First of 
all, since the attenuation at 60 kilocycles is about four deci¬ 
bels per mile, the total attenuation for a cable circuit 
of the length used in designing the type IT system, i. e., 
4,000 miles, would be approximately 16,000 decibels. This 
must be offset by a corresponding gain. 

In the next place, differences in the attenuation at the 
different frequencies would, if uncorrected, become so 
great that signals of the less attenuated channels would 
overload the repeaters, while those of the more attenuated 
channels would drop down into the noise region. Hence 
each repeater must be given a gain-frequency slope which 
is complementary to the attenuation slope of the line. 

Finally, tiie changes of transmission due to temperature 
variations and other causes must be compensated so pre¬ 
cisely that the net variation in each channel is held within 
very narrow limits. The method of doing this is explained 
a er. Here it is interesting merely to consider the magni- 
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FREQUENCY IN KILOCYCLES PER SECOND 


Figure 4. Attenuation of 19-gauge nonloaded cable pair 



Figure 5. Twist characteristics of 19-gauge nonloaded 
cable pair 


Although the twist is small enough so that it need not be 
corrected at each repeater, it is too large to be allowed to 
accumulate over a very long distance. 

Crosstalk 

As noted above, crosstalk between opposite directions 
of transmission is avoided by using two separate cables (or 
shielded compartments in the same cable). To prevent 



Figure 6. Method of balancing out crosstalk 


crosstalk in offices, special measures are employed. There 
remains the problem of “far-end” crosstalk between pairs 
in the same cable which transmit in the same direction. 
The pairs are packed closely together, and substantial 
crosstalk occurs between them because of small departures 


tude of the problem. For the top channel, assuming a 
4,000-mile circuit, the annual variation in attenuation of an 
aerial cable pair might be approximately 2,000 decibels. 
The systems thus far installed have, of course, been limited 
to much shorter distances than this. 

Even if the change of attenuation with temperature 
were related to frequency by a simple law, correct com¬ 
pensation over the frequency range would be far from 
easy. To a casual inspection the differential between any 
two curves of figure 4, for example those for 55 and 110 
degrees Fahrenheit, will not appear serious. This differen¬ 
tial, which becomes very large for a long circuit, is, how¬ 
ever, a complicated function of the frequency. 

The attenuation differential with temperature can be 
considered as made up of two components, one which is 
independent of frequency and another which varies with 
frequency. The former component, which is much the 
larger, requires a gain adjustment which is uniform or 
flat over the frequency range of the system. The latter 
component is frequently referred to as the “twist.” For 
the range from 12 to 60 kilocycles, the m aximum change 
of attenuation with temperature occurs near 28 kilocycles. 
Hence this frequency has been used as a datum point in 

determining the twist The shape of the twist component 
is apparent from figure 5, which shows the net loss per 
mile at temperatures of 0 and 110 degrees Fahrenheit, 
assuming that the attenuation has been equalized so as 
to obtain a flat characteristic at 55 degrees Fah renhei t, 
and that the gain is then adjusted so as to hold the trans- 
missmn constant at 28 kilocycles as the temperature varies. 


from symmetry and slight imperfections of twisting. How¬ 
ever, by abandoning the use of phantoms and by connect¬ 
ing small adjustable mutual inductance coils between each 
carrier pair and every other carrier pair, sufficient cross¬ 
talk reduction is obtained to permit transmission up to 
60 kilocycles on a substantial number of pairs. 4 The 
scheme is illustrated in figure 6. 

In the original Morristown cable, the crosstalk was re¬ 
duced in part by separating the 16-gauge carrier pairs from 
one another by 19-gauge quads which served as spacers. 
With existing cables, however, the use of spacers would be 
impracticable since this would require resplicing the cable 
at every joint, and therefore reliance must be placed 
largely on balancing. Since the number of combinations 
to be balanced increases approximately as the square of 
the number of pairs employed for carrier, the number of 
balancing coils required for even a moderate complement 
of earner pairs becomes quite large. With 40 carrier pairs, 
for example, the number of coils required is 780. The 
balancing coils are mounted on panels as shown in figure 
7 and are connected together in a crisscross arrangement. 
Each repeater section is balanced separately, the balancing 
panels being located in the repeater station. 

Other measures are necessary to supplement this balanc¬ 
ing technique. To reduce the crosstalk coupling, and also 
to average the transmission characteristics of different 
pairs, the carrier pairs in different quads of an existing cable 
are respliced about every mile so as to approach random 
splicing. The crosstalk coupling between the two sides 
of a quad is reduced by test splicing at the middle of a re¬ 
peater section and the quads are split at repeater points. 
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In a new cable, of course, the desired splicing arrangements 
are introduced at the time of installation. The carrier 
pairs are also transposed from one cable to the other as in¬ 
dicated in figure 1. This avoids interaction crosstalk that 
would take place, through the medium of the voice-fre¬ 
quency pairs, between the high level carrier outputs on 
one side of a repeater station and the low level inputs on 
the other side. There is, of course, a similar effect be¬ 
tween carrier pairs at any point in a repeater section. 
This is much less serious since no level difference is in¬ 
volved, but it does tend to limit the effectiveness of the 
balancing over a range of frequencies. 

Reflections resulting from impedance irregularities re¬ 
verse the direction of propagation and therefore produce 
far-end crosstalk from near-end crosstalk. This crosstalk 
cannot readily be balanced out over a range of frequencies. 
To avoid it, it is necessary that the impedances of s ucces - 



Figure 7. Crosstalk balancing panel 


sive lengths of cable pair be substantially uniform and also 
that the impedance of the equipment be closely matched 
to the characteristic impedance of the cable pair. 

Noise 

The cable pairs are fairly well protected by the lead 
sheath from external electrical disturbances. However, 
high-frequency noise originating in the voice-frequency re¬ 
peater stations due to relay operation, etc., would, unless 
prevented, enter the cable over the voice-frequency pairs 
and thence would be induced in the carrier pairs. Such 
noise would be excessive at the low-level carrier inputs 
It is avoided by connecting, in each voice-frequency pair 
m the “low-level” cable on each side of a voice-frequency 
repeater station, a coil which supresses longitudinal noise 
currents. Similarly, it is necessary to keep high-fre¬ 
quency noise from entering the cable where open-wire 
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pairs tap into it and frequently also where branch cables are 
connected. For this ptupose simple noise-suppression 
filters are employed. With these and other measures the 
noise on the carrier pairs can, at the highest frequencies 
where the amplification is greatest, be brought within a 
few decibels of the basic noise due to thermal agitation of 
electricity in the conductors themselves. 

Velocity op Transmission 

Voice waves travel through loaded cable circuits at from 
10,000 to 20,000 miles per second, the higher speed being 
used for the longer circuits. On very long connections, 
even if echo suppressors are employed this velocity results 
in transmission delays which introduce difficulties in con¬ 
versation. 5 The use of nonloaded conductors for the 
type K systems results in an over-all velocity of trans¬ 
mission of about 100,000 miles per second, a speed so high 
that such difficulties are greatly reduced and satisfactory 
telephone conversations are possible over the longest dis¬ 
tances for which connections may be required. 

Repeaters 

Since the noise level in the cable circuits can be made 
quite low, the carrier currents may be permitted to drop 
to levels below those used on voice-frequency circuits or 
on open-wire carrier circuits, and the repeaters may have 
higher gains. In the cable carrier system the noise has 
been so reduced that the level of the top channel at the re¬ 
peater input may on the average be dropped about 60 
decibels below the voice level at the transmitting switch¬ 
board. The amplifier gains at the top frequency range 
from about 50 to 75 decibels and the output level of each of 



Figure 8. Line amplifier 
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the 12 channels is about ten decibels above that at the 
switchboard. The average repeater spacing is about 17 
miles. 

The tube which was developed for the gain stage of the 
amplifier is a pentode with indirect heater. The heater 
requires a potential of ten volts and a current of 0.32 ampere 
and the plate, 150 volts. The tube in the power stage is 
similar in type but requires a heater current of 0.64 am¬ 
pere at ten volts. With this power tube a feedback of 
about 40 decibels has been found to provide a satisfactory 
reduction of inter-channel modulation. 6 Both tubes were 
designed to have long' life with very reliable performance. 

Description of Amplifier 

Each repeater comprises two amplifiers of the type illus¬ 
trated in figure 8. A schematic diagram of the amplifier 
circuit is shown in figure 9. Three stages with impedance 
coupling are used and the feedback circuit is connected 
between the plate circuit of the last tube and the grid 
circuit of the first. The amount of gain and the slope of 
the gain-frequency characteristic are controlled by the con¬ 
densers and line equalizer in the circuit. 

The line equalizer has the same attenuation slope as the 
line. In the introduction of this equalizer in the feedback 
circuit careful attention to phase-shift requirements was 
required. Four types of equalizers are available, for differ¬ 
ent repeater spacings, to compensate for the cable distor¬ 
tion which occurs at a temperature of 55 degrees Fahren¬ 
heit, additional means being provided to compensate for 
variations which occur as the cable temperature swings 
away from this value. The solid curve of figure 10 shows 
a repeater gain characteristic with one of these equalizers 
in the feedback circuit. 

The correction introduced by the line equ aliz ers is sub¬ 
ject to errors which, although small at each repeater point, 


but one type of correction. The characteristics of these 
equalizers are shown in figures 11 and 12. The equalizers 
for amplifier deviations are used about every tenth repeater 
and those for the cable deviations at distances of 300 to 400 
miles. At normal temperature (55 degrees Fahrenheit), 
the correction applied by these networks will, for a 500- 
mile system, result in a frequency characteristic which is 
flat to within less than two decibels over the range from 
12 to 60 kilocycles. For a longer circuit further corrective 
measures will be provided. 

Regulation for Temperature Effects 

The method adopted for controlling the repeater gain 
to compensate for temperature changes is similar to that 
which has been found satisfactory for voice-frequency 
cable circuits. This is the pilot-wire method in which a 
pair of cable conductors extending over the section to be 
regulated forms one arm of a Wheatstone bridge. This 
bridge is designed for automatic self-balancing and the 
mechanical motion required for establishing the balance 
has been made to adjust the gain of the amplifiers. The 
d-c resistance of the pilot wire gives an accurate indica¬ 
tion of the temperature of the carrier pairs, which deter¬ 
mines their attenuation to a close approximation. The mo- 



Figure 11. Characteristics of cable deviation equalizers 



Figure 10. Amplifier gain characteristics 



Figure 12. Characteristics of amplifier deviation equalizer 


tion of the bridge mechanism is communicated to the re¬ 
peater amplifiers by means of self-synchronizing motors, a 
master motor being associated with the bridge and an in¬ 
dividual motor with each amplifier. 

With aerial cable a flat gain correction must be made at 


become important for a moderate length of system. Sup¬ 
plementary equalizers have been designed to correct for 
these. Two types of deviation are considered, that of the 
cab e and that of the amplifier. As the characteristics of 
caMes manufactured at different times show slight de¬ 
partures from one another, two shapes are required to 

23 ^ d . eviations - There is one corrector for concave 
deviations and another for convex. The amplifier requires 


xcpeater. wiui unaerground cable the flat gain 
correction may be omitted at some repeater points* Figure 
13 shows a master controller with its galvanometer, driving 
motor, and self-synchronizing motor. The air condenser 
m the feedback circuit of figure 8 makes this correction. 
The small self-synchronizing motor which may be seen in 
this figure is geared to the condenser and it moves the air 
condenser in accordance with the motion of the master mo¬ 
tor. The resulting change in repeater gain is virtually the 
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same for all frequencies in the transmitted band. In 
figure 10 the repeater gain is plotted against frequency for 
three angular positions of the condenser. 

As was mentioned earlier, an additional correction for 
the residual effect or “twist” is required about every six 
repeaters to supplement the flat gain adjustment. This 
distortion is a function of frequency and has been found 
to vary from cable to cable. A network whose character¬ 
istics are shown in figure 14 has been developed to meet 









i .... . MASTER TRANSMITTER MOTOR NOUS PfiCEiygR MOTORS ^ 

Figure 13. Flat gain master controller *j - -~ r 

I 

jju 

this condition. Certain fixed resistances in the network "4~ 4—4—; 

are selected to correspond to the lengtlx and twist charac- • 

teristic of the cable section considered. A variable resist- Figure 15 . Over- 

ance in tlie network is adjusted automatically using a 

control similar to the flat gain regulator. Figure IS gives 

the transmission characteristics of a 150-mile regulator- 

controlled circuit under two temperature conditions. than that shown 

Auxiliary Reprater Stations shov ?“ in f,ffuru l( 

n Ui ■ . a height si 

Cable earner systems are expected to be used largely on relay racks. This 

existing toll-cable routes which now carry voice-frequency necessary auxiliar 
circuits. The average spacing of the stations housing the for a total of 1 
voice-frequency repeaters on these routes is about 50 miles, typical auxiliary ’s 
The same buildings with their power plants will also care The main powt 
for the cable carrier repeaters. Since the maximum spac- 152-volt storage 
mg for the carrier repeaters is about 10 miles, additional across a grid-con 
earner repeaters must be provided at intermediate stations power mains. T1 
(two is the usual number). The various design features the plate voltage 
° ^ ^0 ul P men t to be located in these stations have been about 22 volts foi 
made the subject of extensive development work and field by dividing the bi 
tests. These stations are designed to function with a supplying several i 
minimum of attention and are visited at intervals for supplies of 55 volt* 

bu U t resident T* 0r ^ equircd some emergency, current are require 

ThJZlZl f ° rCeS are not P lanned for th£, m- In the station, ti 

The present equipment is expected to be suitable not only nearest attended 

for auxiliary stations on existing cable routes but also for alarms for blown 

C ZlZ« e l« grCatCr Tf S - than 50 mileS ***** *» Power ^«re S , etc 

attended stations may be desired on new routes. attended station is 

_ ^ voice-frequency repeater station for a single cable and In addition to t 
cable earner auxiliary s tation are shown to approximately equipment, there a 
the same scale in figures 16a and 166, respectively. Many ing coils, Them * 
of the existing voice-frequency stations are even larger the outside cable 
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Figure 15. Over-all transmission-frequency characteristic of 
150-mile line 


than that shown in figure 16«. The auxiliary building 
shown in figure 1 (>!> has about (500 feet of floor space with 
a ceiling height sufficient to take care of 11-foot six-inch 
relay racks. This building will house 10U repeaters with 
necessary auxiliary equipment, tints providing ultimately 
for a total of 1,200 carrier circuits. The interior of a 
typical auxiliary station is shown in figure 17. 

Ihe main power plant for the repeaters consists of a 
152-volt storage battery, which is continuously floated 
across a grid-controlled rectifier fed from the" 60-cycle 
power mains. The voltage of tlie entire battery applies 
tlie plate voltage for the tubes. Each amplifier requires 
about 22 volts for the tube heaters and this is obtained 
by dividing the battery into seven sections, each section 
supplying several amplifiers in parallel. Additional power 
supplies of 55 volts alternating current and 140 volts direct 
current are required for the regulator system* 

In the station, there are alarm circuits, which signal tlie 
nearest attended office if trouble develops. There are 
alarms for blown fuses, high or low battery voltages, 
power failures, etc. A telephone order wire to the nearest 
attended station is provided for the maintenance force. 

In addition to the line amplifiers with their regulating 
equipment, there are racks mounting the crosstalk*bahmc- 
mg coils. There are also sealed terminal units between 
the outside cable or the balancing units and the office 
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cable. These furnish access to the line or equipment 
through jacks. 

Terminals 

The mi nimum distance over which a cable carrier system 
can be operated economically is determined in large meas¬ 
ure by the cost of the terminal apparatus. Hence, the 
field of usefulness of the system is greatly increased by 




Figure 16a (above). 
Voice-frequency re¬ 
peater station on single 
cable route 

Figure 16b. Auxili¬ 
ary cable carrier re¬ 
peater station 


keeping the terminal cost as low as is consistent with satis¬ 
factory performance. Numerous developments during the 
past few years in connection with modulation, filtering, 
and methods of carrier supply have all contributed mate¬ 
rially toward this end. At the same time, the standards 
of performance have not only been maintained, but in 
many respects substantially improved. 

Channel and Group Modulation 

In the design of the terminals for the type K system, a 
number of circuit arrangements were considered, the final 
choice being influenced to a considerable extent by the 
conditions imposed upon the filters. As noted above, the 
desirability of using the channel terminal equipment in 
other broad-band systems such as those for open wire or 
coaxial cable was also an important factor. The circuit 
arrangements selected have a first stage of modulation 
which raises the voice frequencies of the 12 channels up 
to a range of 60 to 108 kilocycles. This range is favorable 
to the use of crystal type band filters, 7 which have trans¬ 
mission characteristics superior to the coil and condenser 
type and seem to be no more costly. For the type K 
system, a single stage of group modulation shifts the fre¬ 
quencies to the range required on the line, 12 to 60 kilo¬ 


cycles and a similar stage at the receiving end returns them 
to the 60 to 108 -kilocycle range. Other carrier systems 
will also use the 60 to 108-kilocycle channels and by group 
modulation shift them to the desired position in the fre- 
quency spectrum. 

The band filter occupies a space on the relay rack equal 
to one-eighth of that required by the coil and condenser 
type which was used in the earlier model of this system. 
Its attenuation characteristic in the transmitting region 
is flat to within one decibel over a range of about 3,100 
cyc le s. Immediately outside of this range the attenua¬ 
tion rises very rapidly, thus permitting very efficient use 
of the frequency spectrum. 

Another new device on the terminal is the copper-oxide 
unit used in the modulating process. These units are ex¬ 
pected to show a stability of the same order as that of 
coils and condensers, and require practically no mainte¬ 
nance as compared to vacuum tubes. 

The tr ansla tion of the channels from the 60 to 108-kilo¬ 
cycle range to the position required for cable carrier, 12 
to 60 kilocycles, is made by a stage of group modulation. 
A copper-oxide group modulator is used and a carrier 
frequency of 120 kilocycles. The reverse of this process 
in a similar group demodulator at the receiving end steps 
the frequency back to its original range, 60 to 108 kilo¬ 
cycles. These processes of modulation take place at points 



Figure 17. Interior of auxiliary repeater station 


of low energy level in the circuit with a comparatively 
high level of carrier, so that the interchannel crosstalk 
which results from unwanted products of modulation is 
unobjectionable. Low-pass filters are inserted after the 
group modulator and demodulator, and amplifiers with 
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flat gain characteristics are supplied to raise the levels of 
the output currents of the group modulators or demodu- 
lators. 

Carrier Supply 

The carrier frequencies which are required at a terminal 
are obtained from the harmonics of a base frequency. The 
carrier supply system is common to as many as ten systems 
in one office. This simplification was made possible by the 
selection of the channel frequencies as multiples of a base 
frequency, four kilocycles being chosen for this system. 
This base frequency is produced by an oscillator in which 
the control element is a tuning fork, the whole unit being 
designed to have the necessary output and frequency 
stabilities. The output of the oscillator is amplified and 
fed to a circuit which produces the desired harmonics. All 
of the carrier frequencies which are required for the differ¬ 
ent channels as well as for group modulation and demodu¬ 
lation are obtained from these harmonics. A small coil 
with a permalloy core is the important agent in this 
process. 8 

Failure of the four-kilocycle supply, or failure of the 120- 
kilocycle supply used for group modulation, would cause 
failure in the channels of all systems operating from this 
supply. Provision is made for such a contingency by an 
emergency carrier supply which is automatically switched 
into service when the regular supply fails. This reserve 
source duplicates all of the parts of the regular supply, 
four-kilocycle fork, amplifier, harmonic producer, and am¬ 
plifier for the 120-kilocycle carrier. 

Assembly 

The different panel units which make up the terminal of 
a type K system are assembled on a functional basis with 
similar panels of other K systems, the channel modulator- 
demodulator panels in one bay, the carrier supply in a 
second, the group modulator and demodulator in a third, 
etc. The compactness of the equipment makes it possible 
to mount the modulators and demodulators for 18 chan¬ 
nels on one 11-foot six-inch bay 19 inches wide. 

Signaling 

The same type of ringdown signaling equipment is used 
with the channels of this system as with the voice-fre¬ 
quency toll circuits. A 1,000-cycle tone, interrupted 20 
times per second, is impressed on a channel terminal, 
modulated, and transmitted over the carrier system in the 
allotted channel band. At the far end, it is demodulated 
to operate the receiving end of the standard voice-fre¬ 
quency receiving circuit, or to be transmitted along an ex¬ 
tended voice-frequency circuit to its terminal. 

Telegraph and Program Applications 

Voice-frequency telegraph can be superposed on any 
of the carrier channels as is now done on the three-channel 
open-wire systems. Equipment is being developed to 
superpose a program channel on the cable carrier system. 
This will be done by devoting to the program circuit the 
frequency space occupied by two of the four-kilocycle 
speech bands. 



Figure 18. Vacuum tube test set 


System Maintenance 

Arrangements are provided whereby the tubes may be 
tested on a routine basis as has been done in voice-fre¬ 
quency practice. The amplifier panels, however, are pro¬ 
vided with test jacks which are connected to resistances 
in the plate circuits. A reading of the voltage across the 
resistance gives a measure of the plate current for the as¬ 
sociated tube without disturbing the amplifier performance 
while the amplifier is in service. A portable tube testing 
set, figure 18, has been designed for this measurement. 

Provision is being made for the removal of an amplifier 
from an active circuit without interruption of service. A 
spare amplifier at each repeater station can be substituted 
for the active one by connecting it to jacks at the sealed 
terminal and operating associated relays to make a quick 
transfer. 

Apparatus is also furnished which permits the substitu¬ 
tion of a new link between attended points for one which 
develops trouble. A complete high-frequency circuit for 
each direction of transmission will generally be reserved 
as a spare. It can be substituted for any working high- 
frequency circuit without interfering with service by paral¬ 
leling the transmitting ends of the spare and working cir¬ 
cuits and patching the receiving ends through relays. The 
operation of a key controlling these relays substitutes the 
spare circuit for the working one with a transient disturb¬ 
ance of but one or two milliseconds. 

Three pilot frequencies, 15.9, 27.9, and 55.9 kilocycles, 
which are produced at the transmitting terminals, may be 
used to check the levels at the main repeater points and 
the receiving terminals. This is done by means of a special 
testing circuit which can be bridged across a pair to detect 
the level of the pilots without interference to service. 

A heterodyne oscillator having a frequency range from 
60 cycles to 150 kilocycles has been developed for use in 
testing this and other carrier systems. Its frequency is 
calibrated at 60 cycles against the power mains and at 
100 kilocycles against a quartz crystal. This oscillator is 
shown in figure 19. A portable test set, developed for 
measuring transmission gains and losses with high pre¬ 
cision, is shown with the cover removed in figure 20. 


May 1938 , Vol. 57 


Green, Green—Carrier Telephone System 


Transactions 235 







Figure 19. Test¬ 
ing oscillator 



Conclusion 

The type K system makes possible the application of 
carrier to toll cables of existing type, whether ins tall ed 
underground or aerially. The blocks of 12 circuits each, 
which it furnishes, seem to be a convenient size for routes 
where large numbers of circuits are concentrated. It is to 
be expected, of course, that substantial modifications and 
improvements will be made in this system through further 
development effort. In its present form, however, it con¬ 
stitutes an important stage in the history of carrier de¬ 
velopment. Plans already under way call for the applica¬ 
tion of large numbers of such systems to meet rapid growth 
in long-distance traffic. 

This new system forms merely one phase of a concerted 
development effort on broad-band carrier transmission 
systems. 9 * 10 There is every indication that, taken collec¬ 
tively, these broad-band systems will have far reaching 
effects upon the toll telephone plant of the Bell System. 
A transition is already under way from the time when car¬ 
rier was used only on open wire, and comprised only a 
small part of the toll plant, to a time when carrier systems 
will furnish a major part of the toll circuit mileage of the 
Bell System. The type K system is clearly destined to 
play an outstanding part in this evolution of the toll plant 
■along carrier lines. 



Figure 20. Transmission measuring set 
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Cable Carrier-Telephone Terminals 


By R. W. CHESNUT L. M. ILGENFRITZ A. KENNER 

MEMBER AIEE NONMEMBER AIEE ASSOCIATE AIEE 


Synopsis: This paper describes the circuits, performance, and equip¬ 
ment features of the terminals of a new 12-channel carrier syst em 
for application to existing toll cables. The 12-channel group of 
terminal apparatus has been designed also to form a basic part of 
the ter min als of other carrier systems now under development, such 
as the type-7 system for open wire and the coaxial system. 

Introduction 

BOUT 20 years ago the first commercial carrier tele- 
phone system was installed between Baltimore 

" an( i Pittsburgh. Until recently, telephone cir¬ 
cuits were obtained by carrier methods largely on open- 
wire lines. The notable exceptions were on short deep 
sea submarine cables. 1 ' 2 Ten years ago, experiments 
were initiated which now have resulted in the design of a 
carrier system which can be applied with substantial 
economy to existing long distance toll cables on land 
Its general features are described in another paper.* The 
present paper describes in detail the circuits and per¬ 
formance of the carrier terminals of this system. 

General Features 


riers. Each carrier supply system is capable of supply¬ 
ing as many as ten carrier terminals, or a total of 120 two- 
way channels. 

Because of the large number of circuits involved, every 
effort has been made to provide reliable operation of the 
earner supply and common terminal equipment. The 
terminal and carrier supply equipment is designed to 
permit maintenance tests for checking the performance 
of amplifier tubes and to permit switching between regu¬ 
lar and spare equipment without interruption of the 
large number of circuits involved. 

The emphasis placed upon ease of maintenance and 
the necessity for more careful handling of higher fre¬ 
quency circuits have resulted in new equipment design 
features. These include new cable terminals, new shielded 
office cabling, and panels arranged for front wiring and 
maintenance which are mounted on racks having wiring 
ducts at both edges of the bays. In the following sec¬ 
tions a more detailed description is given of the circuits, 
their performance, equipment, and maintenance features. 

Circuits 


The carrier system for existing cables, designated 
type K, is designed to provide 12 telephone channels in 
the frequency range between 12 and 60 kilocycles, using 
one nonloaded 19-gauge paper insulated cable pair in each 
direction. Previous carrier systems employed for open- 
wire lines used vacuum tubes for the modulating or trans¬ 
lating circuits and electrical filters composed of coil and 
condenser networks for separating the frequency bands 
associated with the respective channels. The terminals 
of the new type-X system are simpler and yet provide 
improved performance by using copper-oxide bridges for 
the modulation function and quartz-crystal filters 4 for 
the separation of the individual channe l bands. 

The quartz-crystal filter is economical only in a com- 
parativeiy high frequency range, necessitating the use 
of high intermediate frequencies. The high intermediate 
frequencies are reduced by a second stage of modulation 
to the desired range of frequencies for transmission over 
the lrne. Copper-oxide bridge circuits again are used for 
this group-modulation stage. In all cases they are con¬ 
nected to suppress the carrier. To provide the various 
carriers required for modulation and demodulation a 
carrier supply system has been designed somewhat along 
tiie lines of an office power-distribution system using bus 
bars and protective arrangements fo r the various car- 

Paper number 37-179,.recommended bv theATim . . . . 

M d l P 0aT nt M ** AIBE wioter convention, kTC nT 

1 For ell numbered references, see list at end of paper. ’ 
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The frequency allocation for one direction of trans¬ 
mission and a block schematic of one terminal are shown 
in figures 1 and 2 which supplement each other and need 
little explanation. The 12 voice bands shown at the 
left in figure 1 are modulated individually in the channel 
modems. (The term “modem” has been coined to mean 
a panel or equipment unit in which there is both a modu¬ 
lator and a demodulator to take care of both the outgoing 
and incoming signal.) This forms a 12-channel block 
lying between 60 and 108 kilocycles which is then modu¬ 
lated in the group modulator by a 120-kilocycle carrier 
to move the block down in the range from 12 to 60 kilo¬ 
cycles for transmission to the distant terminal. On the 
receiving side the processes are reversed. One of the 
channels as well as the group modem of figure 2 is pre¬ 
sented in more circuit detail in figure 3. This shows the 
circuit from the point where the voice comes into the 
carrier system to the point where the 12 carrier sidebands 
go out onto the cable and vice versa. 

At the left the four-wire terminating circuit serves, not 
oil y as a device to transform from a two-wire to a four- 
wire circuit, but also as a high-pass filter to eliminate 
from the input to the carrier system, noises below about 
200 cycles, such as telegraph harmonics, 20-cycle ring¬ 
ing, 60-cycle power, etc., which may be present on con¬ 
nected voice-frequency circuits. Otherwise these noise 
frequencies which are below the voice range would modu- 
a e an pass through the terminal to load unnecessarily 
^e earner repeaters along the line, as well as to interfere 
with the level indications of the pilot channels. 
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Figure 1. Frequency allocation 
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Prom the terminating equipment the circuit loops 
through jacks which have paralleled contacts for reliabil- 
level at this point is —13 decibels compared 
with the transmitting toll switchboard, which level is 
expected to be generally used in the Bell System for all 
multichannel carrier-telephone systems. Then comes 
the channel modulator which consists of four copper- 
oxide disks, each three-sixteenths of an inch in diameter, 
potted in a small can. This makes a very simple and 
inexpensive modulator which is much more satisfactory 
than tubes. It seems to have an indefinite life (some 
have been on life tests as modulators for about five years). 
The earner power required is about one-half milliwatt to 
modulate satisfactorily a single telephone circuit level 
of —13 decibels. 

The modulator produces the usual two sidebands and 
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the lower one is selected by the quartz crystal channel 
filter described in another paper. 4 This sideband, joined 
by eleven others, is stepped down to about the iterative 
impedance of the shielded office cabling. In the office 
cabling the 12 channels pass through the high frequency 
patching bay to the double balanced group modulator of 
copper oxide where they are joined by three pilot-channel 
frequencies. 

The group modulator uses the same copper oxide as 
that in the channel modulator described above, but the 
earner power is about 50 times greater (about 25 milli¬ 
watts) in order to keep down unwanted mo dulati on pr0 . 
duced between the 12 sidebands. To that same end the 

***?? sideband is made low (-46 decibels), and 
the double balanced type of circuit is used to balance out 
some of the undesired products. It also balances out the 
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12 incoming bands in the range 60 to 108 kilocycles from 
the output and so simplifies the following group modu¬ 
lator filter. 

From a level of —57 decibels the 12 channels, now in 
the range from 12 to 60 kilocycles, are amplified to +9 
decibels for delivery to the 19-gauge pair in the lead 
covered toll cable. The amplifier is a three-tube negative- 
feedback type, using pentodes and operating with. 154 
volts plate battery which is composed of the usual 24-volt 
filament battery and 130-volt plate battery in series. The 
last tube is a power tube and does not overload until a 
single-frequency output of about one watt is reached. 

On the receiving side in figure 3, the 12 incoming chan¬ 
nels, in the range from 12 to 60 kilocycles, pass from the 
amplifying and regulating equipment, 8 to the group de¬ 
modulator. This is identical with the group modulator 
described above and transfers the 12 channels to the range 
60 to 108 kilocycles. The channels are then amplified to a 
—5 decibel level by an amplifier of the negative-feedback 
type using two low-power pentodes with 154-volt plate 
battery as described above for the transmitting ampli¬ 
fier. 

From there the 12 channels are separated by the 
filters which are identical with those on the transmitting 
side, and are then demodulated and amplified to a +4 
decibel level as shown for one channel in figure 3. The 
demodulator is identical with the modulator but it is poled 
oppositely on the carrier supply so that the d-c components 
of modulation in the modulator and demodulator neu¬ 
tralize each other and thereby avoid developing an unde¬ 
sirable voltage bias. The poling also reduces somewhat 
the amount by which stray frequencies have to be sup¬ 
pressed in the carrier supply. The demodulator am¬ 
plifier has a slide-wire gain-control rheostat to eq ualiz e 
channel levels which functions by changing both the grid 
bias on the tube and the amount of negative feedback 
which is introduced by the rheostat. The sliding con¬ 
tact in the slide wire is made practically free from contact 
trouble by the space current of the tube flowing through 
it. As the rheostats are only about 1,000 o hms and 
small in size, they can easily be mounted at a distance from 
the amplifier in the voice-frequency jack field. 

The carrier supply for the 12 channels from 64 to 
108 kilocycles, and for the group modems of 120 kilo¬ 
cycles, is derived in the circuit shown in figure 4. A 
regular generator is shown at the top in solid lines and an 
emergency generator at the bottom is shown in dotted 
lines. Between the two is an automatic transfer circuit 
(in dotted lines) which transfers to the emergency when¬ 
ever the regular generator fails to supply the proper 
amount of 120 kilocycles to the 120-kilocycle bus. 

At the upper left-hand comer is shown a four-kilocycle 
tuning fork, of an alloy having a low temperature coeffi¬ 
cient driven by the tube to its right to operate as an os¬ 
cillator of very stable frequency. The next, or control 
tube, amplifies the four kilocycles to drive the push-pull 
power stage where a power of about four watts is de¬ 
veloped. Tins passes through the four-kilocycle filter to the 
nonlinear coil where odd harmonics of four kilocycles are 
produced. The underlying principles of operation of this 


coil have been published. 6 To derive even harmonics of 
four kilocycles, the copper-oxide bridge is used which 
rectifies about half the energy of the complex wave of odd 
harmonics but, by balance, greatly reduces the amount 
of the odd harmonics present in its output. Odd har¬ 
monics are obtained at one point and even at the other. 
This separation into odd and even harmonics by the 
balance of the copper-oxide bridge provides effective loss 
of about 30 to 40 decibels and reduces the requirements 
on the carrier-supply filters which follow. 

The two branches pass through hybrid coils to the 
banks of channel-carrier supply filters. These separate 
the frequencies and feed them to 12 carrier-supply bus 



Figure 2. Block schematic 


bars, one for each channel frequency. From these the 
individual modems are fed through protective resistances 
so that an accidental short circuit on one of the modems 
will not cut off the carrier supply to the others. 

The hybrid coils permit the two generators to be con¬ 
nected so that either can feed into the same bank of chan- 
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Figure 3. Circuit schematic 


— NOTE — 

LEVELS ARE SHOWN WITH RESPECT 
TO THE TRANSMITTING TOLL SWITCHBOARD 


nei earner supply filters without being reacted upon by 
the other. No switching is required when changing from 
regular to emergency supply. 8 

The 120-kilocycle carrier which feeds the group modu- 
latom of ten systems or a total of 120 talking channels 
must-be very dependable. Therefore separate filters are 
USe regular and emergency Supply and separate 

^ P-r 5 iro„p 

nmvidS^ u ld distributing busses are 

provided. Each group modulator and each group de¬ 
modulator is wured through protective resistanSs to the 
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regular bus and through another set of protective resi 
ances to the emergency bus. With this arrangement 
accidental short circuit even across one of the busses 
across one of the output coils of one of the 120-kilocy 
amplifiers will not stop the whole supply 0 f 120kilocycl 
The four-kilocycle oscillator of the emergency gen© 
tor is in constant operation so that when it is need 
no time is required to start it, but the grid bias on t 
second tube is held above its cutoff value by the automa 
transfer cu-cuit. This prevents the four kilocycles fre 
going further until called for in an emerg enc y 
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An emergency is indicated when there is no 120-kilo- 
cycle supply on either the regular or emergency bus. 
When this happens, the copper-oxide rectifier in the trans¬ 
fer circuit gets no 120 kilocycles and so loses its rectified 
voltage. This triggers off one or both of the two gas- 
filled tubes (multipled for safety) which increases the 
grid bias on the control tube of the regular generator to 
stop its four-kilocycle supply and at the same instant 
restores the bias to normal on the control tube of the 
emergency to let its four kilocycles pass through and put 
the whole emergency circuit into operation. The keys in 



Figure 5. Pilot supply circuit 
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the transfer circuit are provided for maintenance purposes 
and to return from emergency to regular operation, since 
the gas tube circuit is arranged to transfer automatic al ly 
in only one direction. 

The pilot supply circuit is shown in figure 5. The 3.9- 
kilocycle tuning-fork oscillator at the left supplies that 
frequency, through the three transformers, to the three 
copper-oxide modulators whose carriers are obtained from 
the regular channel-carrier supply busses as shown. The 
three filters, which are identical with channel-carrier supply 
filters, select the lower sidebands to be used for pilot 
frequencies at 64.1, 92.1, and 104.1 kilocycles. The three 
pilot frequencies are distributed to the different systems 
through protective resistances from a bus as shown. 
They are set 100 cycles off the carrier frequencies to ob¬ 
tain locations of minimum interference from carrier leak 
and other sources. 

Signaling circuits do not form an integral part of the 
carrier terminal equipment. Signaling equipment of a 
type already widely used in the Bell System for toll cir¬ 
cuits,, is connected between the toll switchboard and the 
four-wire terminating set of the individual channel. 

Transmission Performance 

In general, the performance requirements set down as 
objectives in the development of this system were based 
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on the assumption that five carrier links operating in tan¬ 
dem and over a 4,000-mile circuit should give satisfactory, 
high-grade service. 

The channel-frequency characteristic which has been 
attained in the terminals is shown in figure 6. The solid 
curve below shows the frequency characteristic of a repre¬ 
sentative channel, while the dotted curves near it show 
the limits within which the characteristics of all single 
channels, so far measured, would fall. Above in the 
figure is shown the characteristic of five representative 
channels in tandem, each channel having its two voice 
te rmin ating circuits included. 

The delay distortion and time of transmission, con¬ 
tributed by all terminal apparatus at both ends of a sys¬ 
tem, are shown in figure 7 for a single channel. 

The channel modulators have been adjusted so that 
they will cut off the peaks of excessively loud talk to pre¬ 
vent overloading the carrier repeaters or other parts of 
the circuit, but this cutting is not enough to degrade the 
quality of speech. The single frequency load curve of one 
complete channel is plotted in two ways in figure 8. 

The frequency stability of the oscillating tuning forks 
is expected to be within =*= 1 X 10 “ 6 per degree Fahren¬ 
heit on all systems, with negligible variations due to other 
causes. The amplitude stability of each frequency at its 
distributing bus is expected to be within =*= x / 4 decibel 
over a period of months. The impedances of the busses 
are sufficiently low so that crosstalk from one system into 
another through this path is unimportant. The effective¬ 
ness of the protective resistances at the carrier supply 



Figure 8. Channel load curve at 1,000 cycles 


busses is such that a short circuit on one modulator or 
demodulator will increase the loss in the remaining 
modulators and demodulators less than one-half decibel. 
The speed of switchover to emergency carrier supply is 
such that the disturbance to transmission will be less than 
10 m i l li seconds. The effect on speech is not detectable. 



Figure 6. Channel frequency characteristic 


Maintenance Features 

Since the type-jf system provides more circuits in a 
group than ever before, it is essential that appropriately 
better maintenance facilities be furnished. Wherever 
vacuum^ tubes are used, jacks have been included to per¬ 
mit testing the condition of the tube by plugging in a new 
type of test set. The testing of a working tube with this 
set will not produce an appreciable reaction on perfor¬ 
mance of the circuits involved. When it has been de¬ 
termined that a tube in the common equipment is nearing 
the end of its useful life, a special transfer cord circuit 
is used to remove the circuit involving the tube from 
service and to substitute a spare circuit temporarily while 
the defective tube is replaced. This transfer from a 
regular to a spare and vice versa can be made without 
effect upon service. 




ONE CHANNEL 


1 1 mini ill ini 
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Figure 7. Delay characteristic 


Transactions 


■^ 7 ——tests are made 
at the four-wire test board shown in figure 9 A where the 
incoming and outgoing voice-frequency circuits appear 
and at the high frequency test board shown in figure 9 B. 
At the former, four-wire talking, monitoring and testing 
circuits have been provided for voice-frequency mainte¬ 
nance. Adjustment of the equivalents of the individual 
channels can be made from this point as previously de- 
scnbed. Much can be done from this position by means 
of monitoring and noise measuring to diagnose troubles. 

At the high-frequency testboard the circuits are brought 
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Figure 9. Test positions 

A —Voice frequency B —High frequency 


through jacks and high-frequency measuring apparatus 
is provided. Measurements can be made on operating 
systems to determine the performance of the intermediate 
repeaters and regulators with respect to level and equali¬ 
zation over the frequency range from 12 to 60 kilocycles. 
Loss and gain measurements also can be made either 
between this point and the voice-frequency four-wire test 
board, through the carrier terminal equipment or through 
the next adjacent repeater or terminal office at hig h fre¬ 
quencies. It is possible to test the high-frequency portion 
of the terminal and to substitute a spare, by patching or 
rapid transfer, for a defective or potentially defective 
group modulator, transmitting amplifier, group demodu¬ 
lator or receiving amplifier. 

Some of the high-frequency testing equipment is shown 
mounted on the middle bay of figure 9 B, of which one of 
the most important units is the 1- to 160-kilocycle test 
oscillator located at the center of this bay. It is a hetero¬ 
dyne type of oscillator which covers the frequency range 
with a continuous film strip scale about 300 inches long. 
Its maximum output is about one watt and this varies 
less than one decibel over the entire range. It is provided 
with built-in calibrating features and can be set to any 
frequency with an absolute accuracy of about 25 cycles. 
It is used as the tuning control of the pilot level meas¬ 
uring circuit. An auxiliary scale on the oscillator, per¬ 
mits tuning the measuring circuit directly in terms of 
frequency. 

The pilot-level measuring circuit is of the double hetero¬ 
dyne type and includes a copper-oxide modulator which is 
supplied with carrier from the heterodyne o scillat or, an 
intermediate frequency 130-kilocycle crystal filter of 10 
cycles band width, a high frequency amplifier for this 
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frequency, a copper-oxide demodulator supplied with car¬ 
rier from a 129-kilocycle fixed frequency oscillator, a 
voice-frequency amplifier, and calibrating circuit. The 
input impedance of the measuring circuit is high so that 
when it is bridged across a line pair at the high-frequency 
test-board jack fields it does not produce appreciable loss 
to the line. The circuit permits measuring each of the 
three pilot frequencies to check levels and equalization 
of operating systems. The panels comprising the circuit 
are shown below the oscillator in figure 9 j B. 

Mounted on a shelf just below the oscillator is the trans¬ 
mission-measuring set which contains a highly accurate 
thermocouple and meter-combination with calibrating 
circuits, wide-range repeating coils, a test-key circuit, 
and attenuators, one of which can be set in steps of one 
decibel up to a total of 90 decibels. 

Equipment Features 

Because of the large number of systems likely to be 
terminated in an office, the jacks are concentrated in a 
group of bays located together for ease in patching and 
testing. There are in general five major divisions of the 
terminal equipment consisting of channel-modem bays, 
group-modem bays, carrier-supply bays, high-frequency 
test board, and four-wire voice-frequency patching board 
and associated voice terminating equipment. The gen¬ 
eral arrangement in an office is such as to simplify the 
cabling between various groups of equipment. 

The cabling of a high-frequency jack bay, shown in fig- 



Figure 10. Cabling of high-frequency jack bay 
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Figure 11. Carrier-equipment bays 

A —Channel B —Group 

C—Carrier and pilot supply 


ure 10, illustrates the congested wiring condition oc~ 
curring when a large number of heavy shielded wires is 
run to one location. Because of this congestion the jacks 
in this bay are mounted or removed from the front. 

The concentration of equipment in the modem unit is 
made possible by the small size of the copper-oxide bridges 
and the filters. Figure 11A shows 12 modem units for 
two systems on adjacent bays with space left at the bot¬ 
tom for the six modems of a third sys tem 

The group modems are about the same size as the chan¬ 
nel modems and include a modulator, a demodulator, a 
transmitting amplifier, and auxiliary receiving amplifier 
with associated filters. Figure 115 shows three units 
for three systems with space for six additional units at the 
bottom of the bay. 

The earner supply equipment for ten systems is mounted 
m one bay as shown in figure 11C, which includes the 
regular and emergency generators, transfer unit distrib¬ 
uting equipment and pilot channel supply panel. The 
bays of this type are located near their associated r-hanr^i 
equipment because the supply is chiefly for channel mo¬ 
dems. One carrier distributing unit provides for the even 
and another for the odd harmonics. All terminals and 
bus bars of these units which are common to the ten sys¬ 
tems are protected by insulating covers. 

The four-wire voice-frequency jacks for all the systems 
man office wdl ordinarily be grouped in associated bays, 
ne of which is shown on figure 9 A. A bay will accom¬ 


modate five systems as an average, that is, 60 voice cir¬ 
cuits including the necessary pads and telephone set. 

The high-frequency test board is an arrangement of 
sealed test terminals, high-frequency patching jacks and 
high-frequency testing equipment mounted on bays as 
shown in figure 9J5. Only a few high-frequency patching 
jacks were required initially and these were therefore 
mounted above the sealed terminals. This arrangement 
of bays with the addition of a high-frequency patching 
bay at the right of each sealed terminal bay will accom¬ 
modate 100 systems. 

The earner pairs are split off from the main toll cables 
at splices in the cable vault. The input circuits are 
carried thence in lead covered cable to the cable crosstalk 
balancing bays and thence to the input sealed terminal. 
The output pairs run directly from the output sealed test 
terminal to the splice in the cable vault. The remaining 
high frequency wiring from rack to rack is shielded wire. 

Conclusion 


The carrier-telephone terminals for the type-K system 
which have been described are simpler, occupy less space, 
and provide better transmission performance than multi¬ 
channel carrier terminals used previously in the Bell Sys¬ 
tem. As part of a general development of broad-band 
transmission systems, it is very desirable to employ 
equipment which can be used in common with several 
systems. The 12-channel bay, much of the carrier supply, 
and all of the voice-frequency terminating equipment of 
this type-JT system terminal will be used to form corre¬ 
sponding parts of the terminals for the 12-chanuel open- 
wire system and the coaxial system, both of which are 
under development. This not only has simplified the 
development work, but also will result in greater mass 
production of these common parts and provide desired 
uniformity of voice-frequency terminating levels and 
maintenance arrangements. 
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Crystal Channel Filters for the Cable Carrier System 


By C. E. LANE 

ASSOCIATE AIEE 


S INCE the channel selecting filters used at the termi¬ 
nals of the 12-channel cable carrier system are the 
principal filters in the system this paper is con¬ 
cerned primarily with these filters.- Their importance is 
evident from the fact that they represent over one-third of 
the cost of the system terminals. 

Many new features appear in these channel filters. 
The most outstanding is the use as filter elements, along 
with inductance coils and condensers, of plates cut from 
crystalline quartz. It is for this reason they are called 
“crystal filters.” In addition, however, the inductance 
coils, some of the condensers, and also the filter assemblies 
have in them new features. Only after a number of years 
of laboratory experimentation with filters using crystal 
elements, studying their advantages and limitations, was 
the cable carrier system planned to use such filters. 

There are 12 channel filters which transmit the lower 
side bands derived from the modulation of the speech 
signals with carrier frequencies spaced four kilocycles 
apart from 64 to 108 kilocycles. An insertion loss fre¬ 
quency characteristic which applies for each of the 12 
filters is shown in figure 1. Regarding a ten decibel loss 
increase as the cutoff as compared with tr ansmission at 
1,000 cycles, the voice-frequency band for a single carrier 
link, largely determined by the characteristics of the 
channel filters, extends from approximately 150 to 3,600 
cycles. For five links the band extends from about 200 
to 3,300 cycles; This is a 600 or 700 cycles wider fre¬ 
quency band than the present three-channel open-wire 
earner system. The maximum delay distortion in the 
transmission band of each of the filters is about 0.4 milli¬ 
second. As many as ten of these filters may appear in 
tandem in the longest talking circuits. The total delay 
distortion in such cases would then not exceed 4 milli¬ 
seconds. This is not objectionable since the average 
listener cannot observe the effect of delay distortion nnW 
it exceeds about 10 milliseconds. A representative filter 
schematic is shown in figure 2. The condenser shown by 
the dotted line at the left is used only in the two lowest 
frequency filters to obtain an impedance transformation 
internal to the filters and thereby permit the use of crystals 
of practical thicknesses for these filters. However, 
the equivalent circuit for each of the 12 filters is the same! 
In the system the filters work in parallel at one end and 
between terminating impedances of 600 ohms. The 
two condensers appearing in the series arms at the left 
end of the filter schematic are used in obtaining satis¬ 
factory operation of the filters in parallel and otherwise 


might be omitted provided the inductance at this end was 
made smaller at the same time. 

Figure 2 indicates the separate physical elements and 
the manner in which these are connected in the filters. 
In considering the performance of the filters the ciystal 
elements are replaced by their equivalents, an inductance 
and capacitance in series, shunted by a second capacitance 
as shown in figure 3. Also, the condensers in shunt across 
the filter are shown inside the lattice combined with the 
direct capacitance of the crystals and the inductances are 
relocated in series in each lattice arm. In making this 
conversion, however, the effective resistance of the in- 



Figure 1. When plotted in cycles removed from the carrier 
frequency, the insertion loss frequency characteristics of 
each of the 12 crystal channel filters are for all practical 
purposes identical 
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Figure 2. The schematic circuits of each of the 12 filters 
are the same except for the addition of the condenser shown 
by the dotted lines which appear only in the two lowest- 
frequency filters 
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as previously stated is equivalent electrically to a two- 
terminal reactance consisting of an inductance and 
capacitance in series shunted by a second capacitance. 
For the Q of the inductance in the equivalent circuit of 
the crystal element a value of 15,000 or more can readily be 
obtained. It is for the purpose of utilizing this high Q 
inductance and obtaining the benefits therefrom that 
crystal elements are used in these filters. 

The filter schematic in figure 2 shows crystal elements 
in each filter section; the two in the lattice arms and the 
Figure 3. The schematic circuits of the filters are each two in the series arms in each case are identical. Elec- 
equivalent to two lattice sections with a resistance pad be- trically there are four crystals in each section but for 
tween them 7 resistances at each end, and at the paralleling reasons of economy and for convenience in handling and 
end a coil and condenser which resonate at the midband adjusting the crystals those in corresponding arms are 
frequency physically one. This is possible since the filter is a 

balanced structure and the two like crystals vibrate in 
unison. Figure 5 is a photograph which shows a rep- 
ductance coils are, for reasons which will appear later, resentative double crystal element taken from each of 
shown remaining outside the lattice. Also the capaci- the 12 filters. The four crystals in the lowest-frequency 
tances and the portion of the inductance which are used 



solely for purpose of paralleling are left outside the lattice. 
The basis for the conversion from figure 2 to figure 3 is 
shown in figure 4. 

Before considering further the filter as a whole, the 
nature of the crystal elements themselves and the reason 
for using them will be considered. It is common knowl¬ 
edge to those familiar with the performance of elect rical 
wave filters that the energy loss unavoidably assn rigt»d 
with inductances imposes limitations upon the filter 
characteristics obtainable. Capacitances may be de¬ 
signed so that the energy dissipation is small and negli¬ 
gible as compared to that in the inHn^ ri ^es With 
ideal reactance elements entirely free from dissipa tion 
filters might be designed for any band width with as 
little loss in the band as wanted and at the sa me time 
frequencies might be rejected outside the band by any 
amount desired, no matter how near such frequencies 
were to the edges of the transmitting band. Of course 
the sharper the filter cutoffs, other requirements being the 
same, the more complex the filter structure would be 
•even neglecting dissipation. The greater the dissipation 
in the filter elements, the greater the loss in the trans¬ 
mitting range of the filters and the greater the number 
of cycles required for this loss to rise from the relatively 
low and uniform loss in the transmitting band to the high 
loss wanted outside the band. In the design of channel 
filters for earner systems, the presence of dissipation in 
the filter elements is costly in that the channels must be 
spaced farther apart than would otherwise be necessary, 
thereby wasting frequency space. At the same time the 
loss to transmitted frequencies must be made up for bv 
amplification. The amount of dissipation in a reactance 
element is measured by the ratio of the effective resistance 
component of its impedance to the reactance component 

tl n 7 ?lT eaCy - The Teci P rocal of ^ ratio is called 
or tZ °J tilereactance and hence is a measure of efficiency 

to to?tl T Pati0n - In ^e design of inductances 
m the fonn of wire-wound coils, it is generally not prac- 
cal to obtain Cl’s much in excess of 200 or 300 a/any 
equency. The quartz crystal element used in the filters 
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Figure 4. It does not alter the transmission properties 
oi a network such as shown in figure 4A to remove the 
impedances in shunt and outside the lattice and replace them 
by impedances of equal magnitude in shunt across each 
lattice arm nor by removing the impedances in series with the 
lattice and replacing them by series impedances inside the 
lattice of twice the magnitude of those removed 

f lt ^. ran ^ e [ rom millimeters to 41.8 millimeters in 
length and those in the highest-frequency filter from 23.8 
toStS mnnnetfflB. The thickness of the crystals in all 
0f ^ e l°west-frequen C y filters are 0.63 millimeters, 
the next four filters 0.82 millimeters, and in the highest- 
frequency filters 11 millimeters. Uniformity in thickness 
is maintained as far as practicable since it contributes to 
economy m manufacture of the crystal. Within the 

831116 C17Stal thickneSS the “Prance and 
ferent flit ^^es, called for by the design of the dif- 
Wto Can pr0V ! ded hy var iations in width and 

S?. ! t ^!, Ciystals - The ratio of width of the crystals 
to their length ranges from about y 2 to 4 / 6 . * 
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The major surfaces of the crystals are plated with a 
thin layer of aluminum deposited by an evaporation proc¬ 
ess. This plating is divided along the center line length¬ 
wise of the crystals to form the two electrically independ¬ 
ent crystals. Since the crystals vibrate longitudinally 
with a node across the middle, they are clamped at this 
node in mounting. Figure 6 shows the orientation of the 
crystal plates with respect to the natural axes of the 
quartz from which they are cut. The plates are cut as 

64 68 72 76 80 84 88 92 96 100 104 108 

FREQUENCY IN KILOCYCLES PER SECOND 

Figure 5. The length of the crystal elements used in the 
different filters varies about inversely as the frequency of the 
filter band location 


accurately as practical to the dimensions computed 
making a small allowance in length and then the crystal 
is finally adjusted in an electrical circuit by grinding the 
end of the crystal until the resonant frequency falls 
within five or ten cycles of that desired. 

Considering again the filter schematic as a whole, 
figure 3, and neglecting the dissipation in the crystals 


2 



Figure 6. The crystal elements are cut with their major 
surfaces perpendicular to the electrical axis of the natural 
quartz, with their side surfaces making a small angle with the 
mechanical axis, and with their end surfaces making a small 
angle with the optical axis 


and condensers, the filter may be regarded as made of 
two lattice filter sections having ideal reactance elements, 
that is, elements free from dissipation. The location of 
the effective resistance of the coils outside the lattice, 
for purpose of performance analysis, shows, how, at the 
end of the filter these resistances may be regarded as part 


of the terminating impedance between which the filter 
works and how between the filter sections the resistances 
may be combined with a shunt resistance to form a re¬ 
sistance pad which matches the image impedance of the 
two filter sections. The effect, then, of the coil re¬ 
sistances is primarily to provide a flat loss over the entire 
frequency range and does not affect appreciably the shape 
of the loss characteristic furnished by the reactance in¬ 
side the lattice sections. 

In considering the performance of lattice-type filter 
sections, it is common practice to sketch together the 
frequency reactance curve of the two lattice arms Z x and 
Z y . This is done for one of the filter sections and is 
shown in figure 7. In the frequency range where the two 
curves are of opposite sign the filter transmits and where 
they are of the same sign there is attenuation. At the 
point where the two curves intersect there are attenua¬ 
tion peaks of very high loss. The reactance curves of 
figure 7 are for the filter section accountable for the pair of 
attenuation peaks shown in the filter characteristic which 
are the closer to the edges of the transmitted band. For 
the other section the cross-over points of the two reactance 
curves are farther away from the band, since this section 
is responsible for the outer pair of attenuation peaks. 
The design of the filters consisted in determining values 
for the inductance coils, condensers, and crystals, such 
that the reactance curves of the lattice arms of the filter 
passed through infinity and> intersect with each other at 
the desired frequencies and, at the same time, of determin¬ 
ing the impedance level for all of the elements such that 
the filters would have the right image impedances. 

The curves of figure 7 would seem to indicate a some¬ 
what greater band width for these filters than shown by 
the insertion loss characteristic of figure 1. The reason 



Figure 7. In a lattice filter section transmission occurs for 
frequencies where the impedances for the two arms of the 
lattice are of opposite sign and attenuation peaks of very 
high loss occur where the impedances cross 
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for this can best be explained by referring to the image 
impedance of one of the filter sections as shown in figure 
8. Within the band the image impedance is, of course, 
a pure resistance which varies with frequency. It is 
about 800 ohms at midband frequency and falls rapidly 
to zero near the edges of the band. Assuming the ef¬ 
fective resistance of the coils which is about 100 ohms as 
belonging to the terminating impedances, the filter 
sections actually work between impedances of about 700 
ohms. This means that large reflection losses occur at 
each end of each filter section near the edges of the trans¬ 
mission band where the image impedance of the filter is 
very small. It is these reflection losses that are re¬ 
sponsible for the actual transmission band being much 
narrower than it would be with the filter sections termi¬ 
nated in their actual image impedances. The filter 
sections are designed with 800 ohms image impedance 
at midband frequency instead of 700 ohms to make 
the band flatter and somewhat wider than it would be 


form loss in their transmitting bands. This charac¬ 
teristic must not only be obtained at the time the filters 
are assembled and adjusted but must be maintained 
throughout the service life of the filters and not ap¬ 
preciably affected by temperature variations. This im¬ 
poses severe stability requirements upon the elements 
used in the filters. The crystal elements themselves are 
very stable when properly designed and once adjusted 
will retain at a given temperature their frequencies of 
resonance within one or two cycles seemingly indefinitely. 
Their temperature coefficient is only about 25 parts per 
million per degree centigrade which is not objectionable. 
The obtaining of suitable inductance coils and con¬ 
densers for use in conjunction with the crystals that were 
adequate in stability required considerable development 
effort. The inductance coils were required to have not 
only a high degree of stability with respect to temperature 


otnerwise. 


When a number of band filters are operated in parallel 
it is generally necessary to connect across the paralleled 
end a two terminal network to correct for the distortion 
that would otherwise be present in the highest- and 
lowest-frequency filters in the group. A circuit of the 
network used for this purpose with the channel filters is 
shown in figure 9. 

The filters employ crystal elements in order to obtain 
abrupt discrimination between wanted and unwanted 
frequencies and at the same time to secure low and uni- 


Figure 9. A two-terminal reactance network is connected 
in shunt across the filters at their paralleling end to improve 
the characteristic of the highest- and lowest-frequency filters 
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and time but also a high ratio of reactance to effective 
resistance, low modulation, and at the same time be small 
m size. Air-core coils might have been designed for the 
purpose but they would have been quite large. The 
coils used are of the toroidal type wound on about one and 
three-fourths inch rings of molybdenum-permalloy. To 
reduce eddy-current losses the cores are made of very fine 
powder and then annealed to reduce hysteresis losses. 
The particles are mixed with insulating material and 
formed into rings by extremely high pressure. The 
inductance of the coils has a temperature coeflicient of less 
an 40 parts per million per degree centigrade The 
cores of the coils for the higherSequenc/ fil^s are 

ZZt S? n dy Stranded wke t0 heI P secure good Q’s 

cafied f l' I* 0 *? 8 * °J ^ Ugh im P ed *nce of the coils 
caUed for by the filter design, care is taken to make the 

r:S betWe “ £* Windings and ** c °re and between 
i? d ^ ecase 88 Iow 38 practical and also to 
“jf SUch , smaU capacities as must be present. 
for ™™T, condensers used at one end of each filter 

The Sf ng 7 mP ° SeS ^ ° f a ^H-grade mica type. 
The other condensers are all quite special. The feed 

ones, ranging m magnitude from about seven micro- 
mioofarads to 100 micromicrofarads are made by pTaZr 

° f ***»* ^ tubing inside and o2 
srie with silver. Because of the intimate association of 
electrodes with the surfaces of the tubes and the low 
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wth that of tixe coils and crystals. No aging effect has 
been observed. It will be noticed that four smSl at 
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justable air condensers appear in each filter section. 
These are used to secure precise initial adjustment of the 
filter capacitances. 

To protect the filter elements against moisture, the 
filters are hermetically sealed in a container made from 
a rectangular section of seamless brass tubing with 
closely fitting plates soldered in each end. One end 
plate carries four metal-glass seal terminals and a nozzle 
through which dry air is blown after the filter is as¬ 
sembled. The other end plate is provided with a small 
hole for the escape of the drying air. After the drying 
operation the hole in the nozzle and the hole in the op¬ 
posite end of the filter are closed by soldering. The 
elements that make up the filter are assembled on a chassis 
which is completely wired and then slid into the con¬ 
tainer in assembly. Figure 10 is a photograph showing 
this chassis and the arrangement of the elements. The 
elements are located in such a way as to use very short 
wiring connections which reduce the magnitude of any 
stray admittances. The wired filter chassis is carefully 
adjusted by setting the values of the air condenser such 
that for each filter section the resonance frequencies 
looking into each end of each section occur where they 
theoretically should. This compensates for the effect 
of small capacitances between the filter parts. In the 
design of the filter parts care is taken to use no material 
which absorbs moisture readily since such moisture would 
later be released and raise the relative humidity of the air 
inside the filter. 

If voltages much in excess of about 20 volts are applied 
across crystal elements at frequencies near resonance, the 
crystals will break from the mechanical strain of their 
vibration. The maximum safe voltage across the chan¬ 
nel filters at the resonant frequencies of the crystals in 
them is considerably greater since at resonance the full 
voltage does not appear across the crystals. In their 
normal use in the system the voltages across the filters 
will be very much less than 20 volts. 



Figure 10. The filter parts are assembled and wired on a 
chassis which is slid as a unit inside the filter container 


Other filters forming part of the terminal apparatus 
are the group modulator and group demodulator low- 
pass filters, the channel and group carrier supply filters, 
and the pilot supply filters. The group modulator and 
demodulator filters are of the low-pass type employing 
only coils and condensers as elements. The group car¬ 
rier supply filter is the same in schematic and mechanical 
design as the crystal channel filters described. The 
pilot supply filters and the channel carrier supply filters 
are equivalent in schematic to one section of the channel 
filters. Mechanically, of course, they are only about half 
the size and are hermetically sealed in the same manner. 
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C ROSSTALK and noise are important factors in cable 
carrier transmission as outlined in the paper “A 
Carrier Telephone System for Toll Cables” by 
Messrs. C. W. Green and E. I. Green. Crosstalk and 
noise limit the number of carrier channels which can be 
utilized in any one cable, not only by limit ing the number 
of channels which can be placed on a single pair, but by 
l imi t in g the number of pairs which can be used. Noise 
also controls the transmission loss which can be permitted 
between repeaters. Without the crosstalk and noise re¬ 
duction measures described in this paper, the number of 
carrier ch annel s per cable would be so few and the spacing 
between repeaters so short, that the type-K carrier sys¬ 
tem would be impracticable. 

Crosstalk 

To utilize existing toll cables in the Bell System for 
frequencies up to 60 kilocycles required the solution of 
many new crosstalk problems because: (1) crosstalk 
increases rapidly with the frequency; (2) nonloaded 
carrier pairs due to their high speed of propagation are 
especially suitable for very long distances and hence 
the crosstalk requirements per unit length are relatively 
severe; (3) the large gains of the carrier repeaters amplify 


If nothing more were done, there would still be objec¬ 
tionable crosstalk since currents from the outputs of 
carrier repeaters could crosstalk into voice-frequency cir¬ 
cuits and these circuits could then again crosstalk into 
other carrier-frequency circuits at points near their re¬ 
peater inputs. This effect is minimized by transposing 
the carrier pairs from one cable to the other at carrier 
repeater points. 

At common voice-frequency and carrier-frequency re¬ 
peater points there would be an unsatisfactory crosstalk 
path from a carrier repeater output into all the wires not 
used for carrier frequencies and from them through coup¬ 
ling between office wiring into similar wires in the other 
cable and finally into carrier repeater inputs in the second 
cable. This crosstalk is minimized by the use of carrier- 
frequency suppression coils in the voice-frequency cir¬ 
cuits. These coils also serve the purpose of preventing 
earner frequency noise originating in voice frequency cir¬ 
cuits from being transmitted into the cables and inducing 
noise at points near carrier repeater inputs. 

Near-End Crosstalk 

Near-end crosstalk is the result of coupling between 
circuits transmitting in opposite directions, while far-end 

crosstalk is the result of coupling between circuits trans- 

_ • _ __ «. .. _ 


. . , ,, •j r *~**%*»« « uic iwiuL ui coupling: Detween circuit** tranc- 

vSTCSf mUCh m ° re ^ “ the case of • mittrng in the same direction. Near-end crosstalk coup- 


voice frequency circuits. 

Two general effects need to be considered: intelligible 
crosstalk must be prevented; and a large number of 
circuits crosstalking into a particular circuit must not 
contribute an undue amount of noise. The second effect 
is called babble, since it consists of a multiplicity of un- 

telSble V ° 1Ce S0UndS WhidVhl negate, are unin- 

An important feature is the use of different cables for 
opposite directions of transmission. This makes the 


ling between different carrier circuits of the same fre¬ 
quency must be kept very small, particularly near a re¬ 
peater point, since crosstalk from the output of a repeater 
into an opposite directional pair near the input of its 
repeater will be greatly amplified by this repeater. 

Crosstalk between carrier circuits within the offices is 
kept low by careful shielding, segregation, suppression 

of spurious paths through battery supply, common ground- 

uig arrangements, etc. 
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One case of crosstalk of this kind would occur if the same 
cable were used for carrier pairs transmitting in the same 
direction on both sides of a repeater. This is prevented 
by transposing carrier pairs from one cable to the other 
at each repeater point, as shown on figure L 

A second interaction crosstalk problem is encountered 
at the common voice and carrier repeater points and 
involves coupling between cables as well as in the same 
cable. Here the coupling path is from carrier repeater 
outputs to intermediate circuits in the same outside cable, 
back into the common office over these intermediate 
circuits and then via office coupling to intermediate 
circuits in a second outside cable and from there to car¬ 
rier repeater inputs connected to pairs in the second 
cable. Referring to figure 1, a set of noise (and crosstalk) 
suppression coils is encountered in this path. The high 
longitudinal circuit impedance of these coils minimizes 
this interaction crosstalk. 

Par-End Crosstalk 

Far-end crosstalk currents are subjected to line at¬ 
tenuation and amplification similarly to the main trans¬ 
mission currents, and do not have extra amplification as 
in the case of near-end crosstalk. Furthermore, far-end 
crosstalk currents due to couplings at different points along 
the line tend to arrive at the distant end of the disturbed 
circuit at the same time. Hence a considerable portion of 
the far-end crosstalk oyer the type-J£ frequency range, 
which occurs between circuits transmitting in the same 
direction in the same cable, can be neutralized by intro¬ 
ducing compensating unbalances at only a comparatively 
few points, such as one per repeater section. The far-end 


crosstalk reduction problem is greatly simplified because 
phantom circuits are not used for carrier operation. 

Theoretically, for the same precision of match between 
the impedances in the two directions at the balancing 
point, the crosstalk reduction would be about the same 
whether the balancing is done at an intermediate point 
or at either end of a repeater section. Balancing will be 
done at repeater inputs rather than at an intermediate 
point, such as the middle, because it is practicable to ob¬ 
tain repeater impedances matching the average line im¬ 
pedance sufficiently well so that the effectiveness of bal¬ 
ancing is reduced only slightly. 

Nature op Far-End Crosstalk Coupling 

The coupling between two cable pairs in a short length 
may be represented by a mutual admittance and a mutual 
impedance. The former is due almost entirely to capaci¬ 
tance unbalance, which varies but little with frequency, 
so that its effect could be practically balanced out by 
means of a simple condenser. The latter, however, in¬ 
volves a complex mutual inductance of the form M a + j M b , 
because of the proximity effect of the wires of a pair 
and of other cable conductors. 1 As shown on figure 2, 
both components vary considerably with frequency; 
M a on the average decreasing as the frequency increases 
while M h in the general case is of negative sign and reaches 
a maximum value at 56 kilocycles. 

Type of Balancing 

To obtain maximum reduction in crosstalk it would be 
necessary to use a condenser for balancing the mutual 
admittance and an inductance coil for balancing the 
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mutual impedance or to use some equivalent complex 
network. Experimental balancing in a particular cable 
using the coil-condenser method reduced the mean cross¬ 
talk over the type-X range about 20 decibels, which is 
close to the maximum reduction possible with a universal 
type of balancing unit. The reduction is limited by the 
fact that two pairs having identical crosstalk couplings 
in each of two short lengths at different points in the 
cable will not produce two identical elements of crosstalk 
current at a circuit terminal because: (1) Cable circuits 
are not perfectly smooth. Reflections, as at junctions of 
reel lengths or at terminals, alter the two crosstalk cur¬ 
rents differently. (2) The propagation constants of each 
circuit vary slightly from reel to reel in a random fashion 
and therefore the two crosstalk currents are of slightly 
different phase and magnitude. (3) In any short length 
the disturbing circuit produces crosstalk currents in inter¬ 
mediate circuits, which are propagated along these cir¬ 
cuits and crosstalk again into the disturbed circuit at vari- 


60 kilocycles increases the crosstalk due to capacitance 
coupling by a factor of about 2.5 and that due to induct¬ 
ance coupling by a factor of about 90. 

Capacitive coupling in existing cables was reduced by 
design to as great a degree as practicable, particularly for 
the most closely associated circuits, because it is of most 
importance in the loaded voice frequency case. These 
same design measures also reduce inductive coupling but 
not to the same extent. Capacitive coupling decreases 
rapidly with separation due to the shielding effect of 
copper in intervening circuits while inductive coupling is 
not much affected by intervening copper wires. To mini¬ 
mize magnetic coupling it is necessary to use different 
lengths of twist for the pairs. Existing cables have rela¬ 
tively few lengths of pair twists. 

As the net result, capacitance coupling is no longer all 
important, inductance coupling at 00 kilocycles actually 
predominating by a factor of about three to one in existing 
cables. Capacitance balancing should, therefore, be less 
effective than balancing designed to reduce the inductance 
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Figure 2. Mutual inductance between cable pain in terms 
of value for M a at ten kilocycles 


ous points, producing an additional crosstalk current at 
the circuit terminal. At any frequency, this interaction 
crosstalk current has a random phase and magnitude re¬ 
lation to the crosstalk current for the short leng th con¬ 
sidered by itself, and depends also upon the position in a 
repeater section of the short length. 

A 20-decibel crosstalk reduction is not required, con¬ 
sidering the number of K systems anticipated in any one 
cable. Studies were made, therefore, to determine 
whether satisfactory results could be obtained with a less 
expensive type of balancing, as outlined below. 

The effects of frequency and circuit impedance on cross¬ 
talk coupling are as follows: (1) Crosstalk in a short length 
due to capacitance and to inductance coupling increases 
about directly as the frequency increases for circuits 

whose impedance is independent of frequency. (2) Cross¬ 
talk due to capacitance coupling varies directly as the 
impedance of the circuits while that due to inductance 
couphng varies inversely as the impedance. Changing the 

impedance from about 800 ohms for loaded voice circuits 
to .bout 135 otas fcr 

changing the frequency from about four kilocycles to 


coupling, tests have shown that capacitance balancing 
alone gives a crosstalk reduction of about 11 decibels while 
inductance balancing alone gives a reduction of about 
16 decibels. Since the latter reduction is sufficient, ex¬ 
cept possibly for small cables or special cases, the type-if 
balancing has been designed on this basis. Ear-end 
crosstalk currents due to the two kinds of coupling have 
phase relations not differing from zero or ISO degrees by 
more than about 15 to 40 degrees, depending on whether 
the upper or lower type-jRT frequencies are considered. 
There is, therefore, a tendency for either type of balancing 
unit to annul both kinds of coupling. 

To obtain as much as 16 decibels reduction it is neces¬ 
sary that the frequency characteristic of the balancing 
coil simulate that of the cable (figure 2). This was found 
practicable, as discussed later, by shunting the primary 
(or secondary) of the coil by a properly designed im¬ 
pedance. 

Size of Balancing Coil 

To meet the crosstalk requirement it is necessary to 
balance each carrier pair against every other carrier pair. 
If 50 carrier pairs were used, there would be 49 balancing 
coils connected to each pair for balancing to all the other 
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pairs, a total of 1,225 coils. For convenience, adjustable 
coils having the same mutual-inductance range and the 
same self-inductance are used. Hence, the insertion loss 
per coil, resulting from the self-inductance and resistance 
of the coils, must be kept small. In addition, the self- 
inductance of the coil presents a problem from the im¬ 
pedance standpoint. To keep the impedance at any 
point in the balancing panel as nearly like the average 
cable impedance as practicable, the self-inductance of a 
series of coils must be neutralized by capacitances shunted 
at suitable intervals. It is very desirable, therefore, to 
use coils whose self- and mutual-inductances are no larger 
than actually essential. Consequently, an attempt has 
been made to keep the maximum crosstalk before bal¬ 
ancing low. 

Due to special measures, described below, it appeared 
that the maximum inductance unbalance per repeater 
section could be kept below about 1.3 to 1.5 microhen¬ 
ries, with the possible exception of side-to-side unbal¬ 
ances, and trial balancing coils were designed accordingly. 


talk between pairs in different quads. Crosstalk between 
pairs in the same quad (side-to-side crosstalk) is an ad¬ 
ditional problem. A quad consists of two twisted pairs 
of wires which are twisted together to permit the use of 
voice-frequency phantom circuits. Since the two sides 


I 



Figure 4. Schematic of a simple balancing coil designed to 
produce a complex mutual impedance 


Crosstalk Reduction Before Balancing 

Changes in the original splicing are made at approxi¬ 
mately 0,000-foot intervals, i.c., at points where voice- 
frequency loading coils must be removed from the carrier 
pairs. In most existing voice-frequency toll cables the 
39-gauge quads were spliced as three groups, one, a two- 
wire circuit group, one, an eastboimd four-wire circuit 
group, and the third, a westbound four-wire circuit group. 
Ordinarily, the carrier pairs will be selected from the 
four-wire groups because these groups are usually larger 
than the two-wire group und since the quads within a 
group are spliced at random there is less chance of a large 
value of coupling between pairs of different quads, i.e., 
two pairs are less apt to be recurrently in a relation of 
high coupling. The carrier pairs are divided evenly be¬ 
tween the two four-wire groups, in order that the least 
number of four-wire voice circuits will be lost. 

In cables with large four-wire groups it is satisfactory 
to maintain the grouping arrangement on the pairs con¬ 
verted to carrier. In such cables, however, one four- 
wire group is in the center or core of the cable and the 
other group in the outer periphery. In order that all 
circuits will have about the same velocity and attenuation 
and be subjected to about the same temperature con¬ 
ditions for both transmission and crosstalk reasons, one 
(four-wire) carrier group in these cables will be spliced 
to the other (four-wire) carrier group and vice versa at the 
6,000-foot intervals. 

In cables with relatively small four-wire groups, there 
is more chance of two pairs being recurrently in a relation 
of high coupling. To reduce this chance, a special splicing 
arrangement has been devised for use at the 0,000-foot 
intervals. With existing splicing the maximum coupling 
in cables with small groups is about 2.5 times that for 
cables with large groups. This ratio is appreciably re¬ 
duced by the special splicing, likewise reducing the maxi¬ 
mum mutual inductance that must be supplied by the 
balancing unit. 

The foregoing was with particular reference to cross- 


of a quad are so closely associated, side-to-side crosstalk 
is generally much greater than that between pairs of 
different quads. The electrical size of the balancing unit, 
therefore, is determined by the side-to-side crosstalk, 
which is reduced by "poling.” 

To apply poling, the quads are carried through as quads 
for an entire carrier repeater section. From measure¬ 
ments of side-to-side crosstalk in phase and magnitude, 
quads in one half repeater section are chosen and spliced 
to quads in the other half in such manner as to partially 
neutralize the side-to-side crosstalk. In effect, quads in 
one lmlf-scction serve as balancing units for the other 
half. 

In most existing toll cables the side-to-side capacitance 
coupling was reduced when the cables were installed, 
by means of test-splicing within the 6,000-foot sections. 
Obviously, for poling to be effective it is necessary to 
operate mainly on the inductance component. The 
poling measurements, therefore, are made at about one 
kilocycle where an approximate measure of the induc¬ 
tance component can be obtained directly since the ca¬ 
pacitance and inductance components of the crosstalk 
are at an angle of almost 90 degrees at this frequency. 
Figure 3 shows the crosstalk results obtained by means 
of one-kilocycle poling on 14 repeater sections. It has 
been shown that this 9-decibel reduction is within two to 
three decibels of the maximum reduction possible with 
much more complicated poling involving measurement 
and consideration of both components at carrier fre¬ 
quencies. 

After side-to-side poling, coil balancing cannot be ex¬ 
pected to give as much as 16 decibels reduction in crosstalk. 
This is unimportant, however, as long as the required 
reduction can be obtained more economically by the com¬ 
bined methods rather than by balancing alone. 

Crosstalk Balancing Coil 

Since the voltage which causes the crosstalk current in 
the disturbed circuit may be in either a clockwise or 
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counterclockwise direction, the balancing device, for 
flexibility reasons, should be capable of establishing volt¬ 
ages in either direction. A balancing coil was devel¬ 
oped, therefore, which in operation may be likened to that 
of two separate transformers with simultaneously movable 
cores. The primary windings are in series, as are the 
secondary windings, and are connected as shown in figure 
4, for example. The relative direction of each secondary 
winding is the same, whereas the relative directions of 
the primary windings are reversed. With the cores in 
mid-position, the voltages induced in the two secondaries 
are equal in magnitude but opposite in phase, and the 
net induced voltage in the disturbed circuit is zero. As 
the cores are moved toward the left the respective com¬ 
ponents of the voltage induced in circuit 3-7-8-4 increase 
in a counterclockwise direction and decrease in a clockwise 
direction, the net result being a voltage in a counter¬ 
clockwise direction. Such a setting of the balancing coil 


Figure 7. Ar¬ 
rangement of in¬ 
ner winding of 
trial balancing 
coil 




Figure 5. Schematic of winding arrangement of trial bal¬ 
ancing coil 


would be used to counteract a clockwise crosstalk voltage, 
the amount of departure of the cores from mid-position 
being dependent on the magnitude of the crosstalk voltage 
being counteracted. Movement of the cores toward the 
right produces the opposite effect. 

This device, disregarding any proximity effects therein 
and the effects of the shunt, acts to set up a net voltage 
e which is in phase quadrature with the disturbing cur¬ 
rent I. Hence, 

e *» —jaml (1) 



in which m is the net mutual inductance of the device. 
To obtain the required mutual impedance characteristic, 
the primary (or secondary) windings of the coil are shunted 
by an inductive resistance. Let the effective self-in¬ 
ductance and resistance of the line windings (primaries) 
be denoted by L and R , respectively, and the current 
through these windings by I w . Let the effective self¬ 
inductance and resistance of the shunt be denoted by 
L s and R SJ respectively. At balance, that is, when no 
crosstalk current flows in 3-7-8-4 due to I (the disturbing 
current), the current I w is 




l~ R£R + R s ) + <£L£L + L s ) 
L (-R + R,)* + ««(£ + L,Y 


<4&L - RL a ) 


+ + (2) 





Figure 6. Trial balancing coil construction /- » ■ 
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where a and b are, respectively, the coefficients of thi 
real and imaginary parts of the expression. Hence, wit! 
a shunted coil the voltage induced in the disturbed cir 
cuit is: 

e - -jaml„ ~ -ja(ma - jmb ) I 

The mutual impedance, Z n , equals j<o(ma -jmb), or the 

effective mutual inductance M of the balancing coil mav 
be written J 
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Figure 8. Mutual inductance of trial balancing coil 


L s , and R s to be constant with respect to frequency of cur¬ 
rent and position of the cores, it is seen from (2) and (5) 
that for any core setting, M a and M h are functions of 
frequency only and their ratio at a given frequency is 
theoretically constant throughout the operating range. 

To keep inductance L constant irrespective of the 


the axis in opposite directions of rotation. The outer 
winding is similarly applied. This type of winding elimi¬ 
nates all splices within the coil, removing hazards in¬ 
cident to interior splices. 

The complete coil assembly is enclosed by an alumi¬ 
num container which serves the dual purpose of a shield 
and a convenient means of holding the coil for mounting* 
purposes as this container fits snugly into an aluminum 
cup riveted to the assembly panel. The windings are 
dried and impregnated and the space between the coil 
assembly and container is filled with insulating compound. 

The mutual inductance of a typical coil varies as shown 
in figure 8 as the cores are moved. The range, with the 
shunts disconnected, is approximately +1.6 to —1.6 
microhenries, which is covered in about 16 turns of the 
screw (a total core travel of 0.5 inch). With the shunts 
connected, the effective mutual inductance at a given set- 


mutual inductance settings, the length of the coil wind¬ 
ings, the length of the magnetic cores, and their spacings 
with respect to the winding spacing are so related that 
the change in inductance of one primary (or secondary) 
winding caused by motion of its associated core is equal 
and opposite to the change caused by the movement of 
the core associated with the other primary (or secondary) 
winding. To keep R low over the type-it frequency range, 
cores of finely powdered molybdenum permalloy pressed 
into a cylindrical form are used. 

Because of other requirements which a balancing coil 
must satisfy, the winding arrangement actually employed 
is shown in figure 5. The simple device of figure 4 is 
not balanced from the standpoint of longitudinal cross¬ 
talk for any coil setting except that of zero mutual induc¬ 
tance. The figure 5 arrangement is such that theoreti¬ 
cally there is no magnetic coupling between the two cir¬ 
cuits for longitudinal currents in either one, regardless 
of the coil setting. Unless the capacitance between pri¬ 
mary and secondary windings can be kept very small, 
the resultant admittance unbalance produces crosstalk 
which is not completely balanced out when the coil is 
adjusted. The turns of conductor in the figure 5 coil are 
so located that this, side-to-side capacitance imbalance is 
less than five micromicrofarads. The capacitances be¬ 
tween wires of either the primary or secondary winding do 
not affect the imbalance but contribute a part of the 
capacitance loading which compensates for the line in¬ 
ductance of the coils. 

In the actual balancing coil, shown in figure 6, the wind¬ 
ings are located in channels cut in a fiber tube which is 
secured to a head carrying the winding terminals and a 
bushing through which passes the threaded brass rod 
supporting the two cores. Below the head are small spool 
forms on which the shunts are wound. Insulating ma¬ 
terial such as bakelite is used to obtain proper spacing 
of the two cores. 

The rather unusual manner in which the turns are 
applied is illustrated in figure 7, which is a close-up view 
of the two wires forming the inner winding. These two 
wires alternately cross over each other, progressing along 
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Figure 9. Variation of M, and M b components of trial 
balancing coil with frequency 
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setting for minimum crosstalk when one pair is the dis¬ 
turbing circuit might be quite different from the best 
setting when the other pair is the disturbing circuit. 
To obtain this equality objective a “criss cross" arrange¬ 
ment, as shown schematically on figure 11, was devised, 
whereby the number of coils on one pair up to a particular 
balancing coil never differs by more than one from the 
number of coils on the other pair up to this same balancing 
coil. 

For economic reasons it is undesirable to install a com¬ 
plete panel for the ultimate number of pairs, possibly 100 
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Figure 10. Series inductance of nonshunted trial balancing 

coil 

ting becomes less as the frequency rises, the two com¬ 
ponents, M a and M bt varying with frequency as shown in 
figure 9. To determine the proper values of L s and R s for 
the shunt, allowance must be made for the complex 
mutual inductance inherent in the coil due to proximity 
effect within the windings. 

The series inductance of the balancing coil without 
shunts varies as shown in figure 10. As the cores are 
moved, the inductances of windings l-A-B-2 and 5-C-Z>~6 
(figure 5) behave as shown by their respective curves, one 
increasing as the other decreases. The sum of these two 
curves is shown by the dotted line, and the measured 
value of 1-5-6-2 is shown by the solid line. It is seen that 
the over-all self-inductance of 1-5-6-2 is constant to within 
=*=0.1 microhenry. The difference between the curves 
(about 0.1 microhenry) is caused by the slight mutual in- 

which is negative o^g^o^Sed more'dosTt’ tif t0 8601:10118 “"forming 

this side of the balancing coil. The measured ore closely to the circuit growth. The placing at differ- 
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ding the inductances of the two sections owing to positive 10 °' pai f crlss ’ cross P anel and at the same time 

mutual inductance between the two ends. § These end fornndX^ Th™* T operatl "& ^uits appeared rather 
effects could be reduced by greater separation of ti,. two muda ^ le -. Tlus problem was solved by the use of two 
sets of windings, but this refinement is not necessary panel8; 311 intra group panel for bal- 
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Figure 11. Schematic of criss-cross wiring for 20-pair bal¬ 
ancing panel, designed to maintain phase equality of coils 
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two 0-pair groups. To maintain phase equality through 
a number of panels, it is necessary to install them following 
a definite pattern. Figure 12 shows a suitable pattern 

tor the 15 panels required for 100 pairs. 

In the criss-cross scheme (figure 11) the side-to-side 
combinations, which are those marked 1/2, 3/4, 5/6, etc., 
appear twice, i.e., along the left and fight edges of the 
panel Advantage of this is taken by installing balancing 
coils at both locations. This is done because one side- 
to-side coil of about 1.3 microhenries may not be large 
enough in all cases in spite of the fact that the mean 
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side-to-side crosstalk has been reduced nine decibels by 
poling. 

Balancing Procedure 

As stated above, the far-end crosstalk in a repeater 
section cannot be balanced out completely over the fre¬ 
quency range with a single balancing unit. To determine 
the balanceable as distinct from the nonbalaneeable 
crosstalk, involves crosstalk measurements in phase and 
magnitude at a number of frequencies, using each pair of 
a two-pair combination as a disturbing circuit in turn. 
The balanceable crosstalk may then be separated from 
the nonbalaneeable crosstalk by computation. Balancing 
by this method would be impracticable because of the 
time required. As a practical scheme, it has been shown 
that balancing at a frequency of about 40 kilocycles will 
produce satisfactory results over the type-AT range even 
though part of the nonbalaneeable crosstalk may be neu¬ 
tralized at this frequency. This is theoretically unde¬ 
sirable since the crosstalk reduction at other frequencies 
is impaired. 

To prevent undue interference into operating carrier 
circuits when balancing, a frequency falling between the 
transmitted bands must be used. For this reason, the 
balancing coils are adjusted at a test frequency of 39.85 
kilocycles and a measurement to check the suitability of 


combinations by a system of quad splitting at repeater 
points. 

The crosstalk after balancing (figure 13) is considerably 
higher at the upper end of the frequency band than at 
the lower end. Consequently, if circuits were set up to 
use the same channel throughout, the crosstalk in the 
upper-frequency channels would be materially greater 
than that in the lower-frequency channels. In order 
that all circuits may be equally satisfactory from the 
crosstalk standpoint, a system of special channel assign¬ 
ments in successive intervals, say 500 to 1,000 miles, can 
be used. This will tend to equalize both the crosstalk 
and the noise on all circuits, thus permitting a somewhat 
cheaper design than if each channel had to meet the cross¬ 
talk and noise limits by itself. 

Noise 

Besides babble (noted above) many other sources of 
noise need to be considered in cable carrier design. Figure 
14, which shows the approximate magnitude of several 
of these if no means are taken to suppress them, indicates 
the noise at the end of a single 17-mile repeater section 
when amplified by a repeater whose gain equals the hot- 
weather line loss. Curve A shows the unavoidable lower 
limit of noise, that produced by thermal agitation of the 
electrons in the cable conductors and the repeater. 2 This 
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per repeater section, at the repeater input. If there were 
no other noise sources, the repeater section length would 
necessarily be limited by this effect. Curve 3 shows the 
sum of thermal noise and noise due to the vacuum tubes 
in the repeaters, which is little in excess of thermal noise 
alone. The other three curves show noises of consider¬ 
ably higher magnitude which require suppression in order 
to arrive at an economical carrier system. Curve B shows 
the order of magnitude of noise on carrier circuits due to 
connecting open-wire pairs directly to noncarrier pairs in 
the outside cable near the carrier repeater input. The 
source of the noise is heavy atmospheric static of a mag¬ 
nitude experienced several times during the summer. The 
other curves show typical magnitudes of noise originating 
in the existing telegraph and voice frequency telephone 
plant; this is generated in existing repeater stations and 
transmitted by.the noncarrier pairs to the outside cable 
where it is induced into the carrier pairs. Curve D rep- 
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Figure 12. Allocation of balancing panels designed to 
maintain phase equalization of coils at all stages. Panels 
with suitable cross-connections between them are installed in 
following order 

For first group—Install 1 

Add second group—Add % and 1 against 2 

Add third group—Add 3,1 against 3, and 2 against 3 
Etc. 


the adjustment is made at 28.15 kilocycles. Figure 13 
shows the crosstalk versus frequency before and after 
coil balancing by this method on three repeater sections. 

Additional Crosstalk Remedial Measures 

Although poling as well as balancing is done to reduce 
side-to-side crosstalk, this crosstalk is still considerably 
greater than the pair-to-pair crosstalk. For this reason, 
side-to-side crosstalk.is diluted among the pair-to-pair 
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Figure 13. Root-mean-square far-end crosstalk per repeater 
section from measurements on three repeater sections 
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resents the situation at a combined telephone and tele¬ 
graph repeater station, and curve C, the situation at a 
station where there are no telegraph repeaters. 

Figure 15 indicates the results after suppression meas¬ 
ures have been applied. As shown, at the top frequency, 
which controls the carrier repeater section length, th es e 
sources of noise have been reduced to be well below ther¬ 
mal plus tube noise. It is also shown that the noise due 
to heavy atmospheric static induced directly into a car¬ 
rier pair in the outside cable is below thermal plus tube 
noise at the top frequency. 

There are additional types of noise, not shown, whose 
sources lie within the carrier system: e.g., modulate j n 
amplifiers, intersystem cross-induction, battery noise. 
While control of such noise is an integral part of the funda¬ 
mental carrier system design, it is not the purpose of this 
paper to cover this class of noise. 

Conductors Tapping the Carrier Cable 

Carrier noise may come from open-wire pairs which 
connect to conductors in the cable. Its sources may be 
static; corona on power lines; power-line carrier or 
other earner-frequency voltages on power lines paralleling 
the open wire; induction from radiotelegraph stations; 
or carrier frequency voltages arising in the office to which 
the open wire is connected, such as voltages generated 
by d-c telegraph or telephone signaling sys tems The 
limited experience to date indicates that, in a long cable 


carrier system, the effect of heavy static will be larger than 
that of the other sources if telephone and power supply 
plants are co-ordinated so as to be satisfactory from voice 
frequency and low frequency standpoints. Branch nnbiog 
connected to the carrier cable have a similar but generally 
smaller effect than that of open-wire taps. 

Figure 16 illustrates the path followed by this induction. 
A voltage to ground impressed on the open-wire pairs 
passes by secondary induction over to the carrier pairs in 
the cable, and, on account of the unbalance to ground of 
these pairs, produces a metallic voltage on these pairs at 
the repeater input. The effect may be greatly reduced 



Figure 15. Noise, subsequent to suppression measures, per 
repeater section at output of repeater whose gain equals line 

loss 



FREQUENCT IN KILO CYCls’pER SECOND 5 *° " ® 0 

Figure 14 . Noise; prior to suppression measures, per re¬ 
peater section at output of repeater whose gain equals line 

loss 

A—Noise from thermal agitation ' 

® Thermal agitation plus tube noise 

£ibi! e ,T e u freqUe r telephone re P^ter office 

D—Noise from telephone and telegraph repeater office 

E Noise from heavy static on open-wire tap close to carrier repeater 

input 


A to E —Same sources as in figure 14 

F—Noise from heavy static induced directly into outside cable 
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Figure 16. Schematic of path followed by induction from 
open-wire taps 


by interposing a filter at the junction of the open wire and 
the cable. 

It is necessary to filter only the longitudinal circuit at 
an open-wire tap, because; (1) the voltage to ground on 
the open wire is much larger than the metallic circuit volt¬ 
age, and (2) the coupling between the longitudinal circuit 
and the disturbed carrier pair is greater than the coupling 
between metallic circuits. 

Figure 17 is a schematic diagram of the longitudinal 
filter developed for a phantom group. It consists of two 
longitudinal retardation coils and a set of condensers con¬ 
nected between the line wires and the cable sheath. This 
filter has relatively high carrier frequency long itudinal 
impedance to minimize effects of impedance in the ground 
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connection. The major portion of the carrier frequency 
impedance of the coils is obtained by designing th em to 
have high core loss at these frequencies. The filter has 
little effect on voice frequency transmission, precaution 
having been taken to hold the transmission loss, cross¬ 
talk and unbalance to ground to low values. 

Noise Arising in Existing Repeater Offices 

The noise caused by carrier frequency voltages generated 
in existing repeater offices is due to d-c telegraph, telephone 


Figure 18 . Longitudinal impedance and suppression of 
noise suppression coils 

approximate suppression which a set of them provides, are 
shown in figure 18. 

In addition, the carrier circuits are carefully separated, 
electrically and physically, from existing voice-frequency 
circuits in common repeater stations. To this end the 
carrier pairs in the outside cable are brought out on the 
line side of the noise suppression coils into a separate 
cable connected directly to a sealed terminal. From this 
terminal they are carried in shielded wire to the units in 
Figure 17. Schematic of longitudinal filter the carrier office and then to a similar sealed terminal 




speech and signaling voltages, power supply, etc. Figure 
1 shows the path by which they reach the carrier plant 
and the means used to suppress them. In this figure, N 
represents a source of carrier-frequency voltage in a re¬ 
peater office, connected to a voice frequency pair which 
transmits this voltage into the outside cable where it is 
induced on the carrier pairs. These voltages are reduced 
by inserting suppression coils in the longitudinal voice 
frequency paths at the junction between the office and 
the outside cable connected to carrier inputs. 

The design of coils giving the requisite carrier-frequency 
suppression without appreciably affecting voice-fre¬ 
quency transmission on the circuits in which they are con¬ 
nected was difficult. One coil is used for each phantom 
group. Each coil has sixteen windings, four for each lin e 
wire. These windings are so paired and disposed about 
the core as to make possible very small side-to-side and 
phantom-to-side crosstalk between line windings. They 
also permit obtaining very small leakage flux in both the 
sides and the phantoms; hence the coils introduce very 
small transmission loss in their voice-frequency circuits. 
The leakage impedance of the coils plus the impedance of 
the cable stub used to connect them into the circuit is held 
down so that the effect on repeater singing and echoes 
in the voice circuits is very small. The coils are so wound 
that their longitudinal inductance is in antiresonance with 


leading to the outside cable in the opposite direction. 
Filters for filament and plate battery supply are included 
in the carrier amplifiers and additional filament battery 
supply filters are provided at the carrier fuse panels. 
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the top cable carrier frequency, resulting in a large in¬ 
crease in their suppression in this critical frequency range. 
The longitudinal impedance of one of these coils, and the 


W. H. Capen (International Telephone and Telegraph Corporation, 

^° rk : N ‘ Y '^ : The authors o{ this group of papers on carrier- 
cable developments should be highly complimented on the excellent 
presentation of this most interesting subject. Not many years 
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ago this type of system would have been impossible of production. 
However, with the vacuum tube now in its high state of perfection, 
the latest filter technique, the piezo crystal, the Black feedback am¬ 
plifier, and a clear understanding of the factors involved and how 
to control them, this new economical telephone transmission system 
has been produced. 

Working along parallel lines and based upon the early technique 
carried out by the Bell System and described in a paper by Messrs. 
Clark and Kendall (item 1 of the bibliography), a 12-channel system 
has been developed by a subsidiary of the International Telephone 
and Telegraph Corporation, and first installed for the British Post 
Office between Bristol and Plymouth, a distance of approximately 
123 miles. 

In the bibliography attached to the paper by Messrs. C. W. and 
E. I. Green, reference is made to a paper by Messrs. Angwin and 
Mack, published in the Journal of the IEE, and entitled, "Modem 
Systems of Multi-Channel Telephony on Cables." This paper 
includes a description of the English 12-channel system. As there 
are some differences between the British system and that described 
in the papers under discussion, a brief review of the Bristol-Plymouth 
system may be of interest. The system makes use of a frequency 
band extending from approximately 12 to 60 kilocycles with a carrier 
spacing of four kilocycles. Only the lower sideband is transmitted. 

Separate cables are used for the "go" and "return" circuits and 
these were designed and installed especially for the application of the 
12-channel system. Each cable is a paired cable; i.e., pairs were 
not twisted together in groups of two to form quads as is usual in 
voice-frequency cables. The chief advantages of this feature are 
that the higher couplings between pairs within a quad are avoided 
and that the effective resistance at 60 kilocycles for a given capaci¬ 
tance is less than in a quadded cable. However, future cables will 
probably be mainly of the star quad type because of the better space 
factor. Each cable comprises 19 40-pound pairs, which was the 
maximum number that would permit of the two cables (with special 
protection) being drawn into the normal three-inch duct lines. The 
outside diameter of each cable is 1.1 inches. Each pair was made 
with a different length of twist to minimize mutual impedance be¬ 
tween pairs. To minimize increased resistance due to eddy currents 
induced in the sheath by pairs near the sheath, the lead sheath 
was spaced from the outer layer by a thick layer of insulation. 

At 60 kilocycles the contribution of skin and proximity effects to 
the effective resistance of pairs„in telephone cables tends to become 
the dominating factor when the wires are increased in diameter, and 
it was found that little advantage would be gained by increasing 
the gauge beyond 40 pounds per mile, which was decided upon. The 
maximum spacing of repeaters was fixed at 22 miles, with an average 
of 18 miles, corresponding to an attenuation of somewhat less than 
60 decibels per repeater section. 

In addition to the special design of the cable, it was, of course, 
necessary to balance the various pairs against each other in order to 
reduce crosstalk. It was found, however, that sufficient reduction 
could be obtained by the use of condensers alone. These were in¬ 
stalled at the midpoint of each repeater section. By means of these 
condensers the average far end crosstalk was reduced from about 
72.5 decibels to 85.5 decibels, while the maximum crosstalk was 
reduced from 63 decibels to 75 decibels. 

The filters are of conventional design electrically, consisting of 
inductance coils and condensers. In view of the higher frequencies 
involved, the filter sections must be made more accurately tnan for¬ 
merly, and so each arm of a filter comprising a coil and condenser in 
series (or in shunt) has been made into a unit and resonated to a 
predetermined frequency by means of a small variable condenser, 
before being assembled on the filter mounting plate. In this way 
the accuracy of the filters has been improved so that the characteris¬ 
tics of the highest channels jare similar to those formerly obtained at 
frequencies not higher than 30 kilocycles. 

The amplifiers follow closely the principles described by H. S. Black 
of the Bell Telephone Laboratories. A three-stage feedback amplifier 
is used, the feedback circuit being connected between the output 
of the last stage and the input of the first stage. A maximum over¬ 
all gain of 65 decibels can be obtained. 

The over-all line characteristics taken at carrier frequencies on the 


whole repeatered circuit from Bristol to Plymouth showed a total 
variation, down to a frequency of 20 kilocycles of less than one 
decibel. The total variation of output level at any repeater station 
was found not to exceed two decibels over the range required for the 
12 channels, and the over-all equalization was such that the effect 
on the frequency characteristic of any one channel was almost 
negligible. 

In order to make some estimate of the effect of connecting systems 
in tandem, arrangements were made on one of the Bristol-Plymouth 
systems to loop back the channels on the two-wire sides. Using 
three channels in tandem, the quality as judged by ear was no dif¬ 
ferent from that obtained on the normal circuit between Bristol and 
Plymouth. With six channels in series, the quality was still good 
but some slight deterioration could be detected. As a final test 
the whole 12 channels were looped back on one another, when it 
was found that, if the gains were suitably adjusted so as to give an 
over-all equivalent of three decibels, the speech, although considerably 
degraded, was still easily understandable. This last case is equi¬ 
valent to a circuit approximately 1,500 miles in length, in which the 
signals pass through 96 repeaters in tandem. 

The degradation referred to was, of course, due chiefly to the ac¬ 
cumulation of terminal distortion and would not be present on cir¬ 
cuits of the same total length with carrier modulating equipment 
provided only at its ends. 

Equipment for six 12-channel systems was installed initially, three 
of the systems operating between Bristol and Exeter and three 
between Bristol and Plymouth; 31 circuits were placed in service 
during December 1936. The number of circuits has since been in¬ 
creased and several of these circuits are extended, four wire, on 
audio circuits to London. 

The results obtained on the Bristol-Plymouth installation have 
justified the expectations with which the experiment was launched, 
and in the planning of the trunk network of Great Britain 12-channel 
carrier has already taken its place as the premier means of providing 
additional long circuits. 

Plans are now actively under way for installing this type of car¬ 
rier system on nearly all of the main routes from Plymouth in the 
south, to Aberdeen and Inverness in North Scotland. A total of 
nearly 17,000 two-way channel miles of this type of system are now 
in operation. Several thousand additional two-way channel miles 
are being installed, and further systems ordered. 

Glen Ireland (American Telephone and Telegraph Company, New 
York, N. Y.): We are greatly indebted to the authors of this group 
of papers for this story about the development of the cable-carrier 
system. 

The first commercial installation of the cable-carrier system in this 
country will be placed in permanent service between Detroit, 
Mich., and South Bend, Ind., a distance of about 200 miles, by the 
spring of this year. Other projects will follow and by the end of 
this year, cable carrier probably will have been applied along 830 
miles of toll-cable route. Along about 560 miles of the route, the 
cable carrier will utilize conductors in two existing cables of the 
type previously placed for voice-frequency use. For the remaining 
part of the distance where only one such existing cable is available, 
a small paralleling cable of a special design is being provided. In , 
connection with the engineering of these routes, it has been necessary 
to select the pairs most suitable for unloading and carrier usage, to 
survey the cables throughout to make sure that they were suitable 
in all respects and that necessary noise filters were provided for the 
open-wire and cable taps. Sites for 34 auxiliary repeater stations 
have been selected and suitable buildings of the type described in 
the Green and Green paper either have been or soon will be con¬ 
structed. To the extent practicable, standardized equipment lay¬ 
outs are being provided in both the main and auxiliary repeater 
stations. 

Cable carrier systems in the future are expected to find their 
principal field of use along the present long toll cable routes, where 
conductors in existing cables may be utilized and where there will be 
a demand for large numbers of additional circuits over 80—100 miles 
in length. A survey of the present toll cable network indicates that 
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there are some 2,900 miles of route having at least two cables and 
6,500 miles of single-cable route that might be considered as poten¬ 
tial candidates for the application of some form of cable carrier. 
Among the more important routes having at least two existing 
cables are New York-Chicago, Boston-Washington, New York- 
Buffalo, and Pittsburg-Terre Haute, Ind. The application of 
cable carrier to the existing toll cable network will be greatly aided 
by the fact that through previous standardization toll cable of known 
characteristics and quality and of a given gauge is available through¬ 
out the network. This is particularly important in connection with 
the crosstalk balancing work and the equalization of the high- 
frequency line. 

The general introduction of cable carrier should result in marked 
improvement in the telephone toll service. Its availability, to¬ 
gether with that of other broad-band carrier systems, has been one 
of the principal factors which makes it practicable for the Bell 
System to consider the introduction of improved transmission 
standards for the longer toll circuits. The greater velocity of 
transmission provided by the nonloaded cable conductors and the 
resulting reduction in delay effects are important factors in making 
this possible. The wider band of frequencies which are effectively 
.transmitted by the cable carrier is also an important factor in im¬ 
proving transmission, this latter factor contributing materially to 
the naturalness and ease of conversation. The cable carrier systems 
also are expected to be very quiet. This is due in part to careful 


design and in part to the relative freedom of the high-frequency 
cable carrier circuits from the interfering effects of neighboring power 
systems. 

Some of the maintenance arrangements mentioned in the paper 
are of considerable interest to the operating people. In particular 
the arrangement where amplifiers or a spare circuit link may be 
quickly substituted with little or no interruption of service is ex¬ 
pected to be of considerable value to the field maintenance forces. 

E. I. Green (for all authors): The authors have noted with interest 
the comments on the papers, particularly the discussion by Mr. 
Capen of the application of cable carrier between Bristol and Plym¬ 
outh and elsewhere in Great Britain. As Mr. Capen has indicated, 
the British system follows to a considerable extent along the lines of 
the experimental system installed at Morristown, N. J., as described 
to the Institute in 1933, and differs in a number of respects from the 
present type-AT system. The British system is applied to new cable 
installed underground. This cable is of special design and is non- 
quadded with 16-gauge conductors. The type-AT system, on the 
other hand, is applied to existing cables installed either aerially or 
underground, and employs ordinary 19-gauge quadded conductors. 
The use of existing toll cables for the type-AT system greatly aug¬ 
mented the problems of crosstalk and transmission regulation which 
had to be solved. 
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IFFERENTIAL relaying is the commonly accepted tant loads due to operation of undervoltage devices. It 
means of protecting large power transformers, a-c is just as important that loaded equipment should not 
tors, and station bus systems against internal be needlessly cut out of service due to false operation of 

the relays when no internal fault is present. Unbalanced 
currents may sometimes flow in differential relay cir¬ 
cuits when no internal fault is present due to causes which 
will be discussed below. These will cause false operation 
of the differential relay unless means are used to prevent 
it. The means hitherto employed and their shortcomings 
will be discussed, and a new method, free of these short¬ 
comings, and suitable for general application will be de- 
__ 1 


generators, and station bus systems against internal 
faults. 1 The methods and circuits employed in various 
instances, while differing in detail, are all fundamentally 
the same in basic principle. Briefly speaking, this prin¬ 
ciple consists in continuously comparing in each phase the 
current entering the protected equipment with that leav¬ 
ing. As illustrated in the generalized single-line diagram 
figure 1, the comparison is made by means of current 
transformers of suitable ratios placed in all the power 
circuits connecting with the protected equipment. If scribed, 
current transformation takes place within the equipment 
as in the case of a power transformer, the ratios of the 
current transformers placed in the various circuits are 
chosen to have relative values corresponding to the trans¬ 
formation ratios so that the current transformer second¬ 
ary currents may be compared on a 1:1 basis. The 
secondary windings of all the current transformers in each 
phase are connected in parallel with each other to a special 
kind of current relay usually called a “differential” relay. 

The current transformers are all connected in the same 
polarity with respect to the direction of the protected zone 
so that currents entering and leaving the protected zone 
will be represented in the secondary circuit by currents of 
opposite polarities. Normally, with sound equipment 
these positive and negative components will be equal, 
except for negligible exciting currents, and their algebraic 
sum which by the connection is applied to the relay coil 
will be essentially zero. When a fault occurs within the 
protected zone, however, the balance is upset and a dif¬ 
ference current proportional to the fault current flows in 
the coil of the relay, causing it to operate and trip circuit 


Causes of False Differential Currents 


A. Departure of Current Transformer 

Ratios From Their Normal Values 

When heavy current, due perhaps to an external fault, 
is drawn through the equipment protected by differential 
relaying, the current transformers become saturated and 
their ratios depart from their normal values by an amount 
depending on their designs, the amounts and power factors 
of their secondary burdens and the magnitude of the 
fault current. With full rated burden connected to the 
current transformer secondary and with currents of 20 
times normal load value passing through the primary 
the ratio change may be so serious that only half the cur¬ 
rent calculated from the normal ratio flows in the second¬ 
ary circuit. With lighter secondary burdens or lower 
values of primary current the departure is less severe but 
still considerable. In the special case where only two 
current transformers are involved, if the characteristics 
are matched, the secondary current sum will still be zero 

With 


„ .. r — r --—vx^, Qtwwuiuy current sum will still 

he connecting circuits, removing the and no difference current will flow in the relav 
t irom service. li_ A _• _ . -T * 


-- - VV lull 

more than two current transformers, however, differences 
m the current-transformer characteristics or unequal dis¬ 
tribution of the primary currents between the several cur¬ 
rent transformers will cause a difference current to ap¬ 
pear which tends to operate the relav. 


breakers in all __ 

faulted equipment from service. 

It is important that the faulted equipment be isolated 
as quickly as possible after the fault occurs, not only to 
tout damage to the equipment but also to minimi the 
length of time that the voltage is a w tw 

i , . , . . oppressed. A pro- ja-*** vvjj.iv.jul tcuus to operate the relav 

longed penod of low voltage is likely to mult in loss of The naual method of pmvlXv rel.v 
Synchronism between rotating machines. When this oc- differential currents due ^current 
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through current before the relay operates. This is ac¬ 
complished by connecting a restraining coil in the relay in 
senes with each of the current transformer secondaries. 
This type relay has been widely and successfully used on 
“ t ”°' a^-winding transfor- 
° n,y two “Wits arc involved, as in the 
«sc of Ore generator and the two winding transformer, 
the relative directions of the currents in the two current 
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transformer secondaries is always the same when the 
equipment is sound, so both restraining coils may be placed 
on a single restraint magnet acting on the armature. In 
the general three-winding transformer where the relative 
direction of current flow in the three windings may be 
different under different conditions, it is necessary that 
the three restraint coils be placed on three separate mag¬ 
nets acting on the armature separately. Where more 
than three windings are involved or similarly in the case 
of bus systems where there are many circuits, it has not 



Figure t. Funda¬ 
mental circuit for 
differential relay 
protection 


been found practical to use this type of relay because of 
the complications involved in building a relay with so many 
restraint magnets. 

B. Magnetizing Inrush 

Current in Power Transformers 

It is a well-known fact that when a switch is closed, 
suddenly applying potential to a winding of a previously 
de-energized transformer, the transient magnetizing cur¬ 
rent which flows may for a time reach veiy high values 
depending upon the amount of residual magnetization 
left in the transformer core from former operation and 
upon the point of the voltage wave at which the switch 

is closed. 8 In comparison with normal, steady-state 

magnetizing current which for large power transformers is 
in the neighborhood of one per cent of full-load current, 
this transient magnetizing inrush current often reaches 
values of eight to ten times full load current (800 to 1,000 
times normal magnetizing current). This magnetizing 
current flows in the transformer primary winding only 
and hence causes a corresponding difference current to 
flow in the differential relay. 

The tendency of differential relays to operate on mag¬ 
netizing .inrush Currents in power transformers has been 
resisted in the past either by using a slow acting relay, or 
by desensitizing the relay (or rendering it altogether in- 
operative) during a definite time following the application 
of potential, thus enabling it to ride over the magnetizing 
inrush period. This latter means has been accomplished 
by the use of a time-delay voltage operated auxiliary relay 
energized from a potential transformer connected across 
the power transformer winding and having contacts con¬ 
nected to remove a shunt around the operating coil (or to 
close a trip circuit contact in series with the differential 
relay contacts). Both these methods are unsatisfactory 
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when judged by the standards of modern protective relay 
practice, the first because of its slowness on internal faults 
and the second because of the length of time that reduced 
protection is given the equipment. Cases are often en¬ 
countered, particularly in large 25-cycle transformer in¬ 
stallations where the inrush transient period may last for 
several seconds. Considerable damage can be done both 
to the transformer and to the system stability if a fault 
already present in the transformer when potential is ap¬ 
plied is allowed to remain on for this length of time. An¬ 
other objection lies in the failure of this method to prevent 
operation of the differential relay in cases occasionally 
encountered where magnetizing inrush currents appear 
when the transformer voltage, after being momentarily 
depressed by a close external fault, suddenly rises again 
as the fault is cleared. 

C. Magnetizing Inrush 
Current in Current Transformers 

Magnetizing inrush currents of considerable magnitude 
may also appear in current transformers. Heavy cur- 


Figure 2. Differ¬ 
ential current due 
to an internal fault 

Figure 3. Differ¬ 
ential current due 
to saturation of 
current transform¬ 
ers on heavy 
through fault cur¬ 
rent 
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rents suddenly drawn through current transformers pre¬ 
viously carrying little or no current cause magnetizing in¬ 
rush currents to flow in much the same way as the sudden 
application of potential does in the case of power trans¬ 
formers. The magnitude of the inrush current depends 
upon the design of the current transformer, the magnitude 
of the fault current and the amount of secondary burden 
as well as the point of the wave at which the heavy cur¬ 
rent begins to flow and the amount of flux present in the 
core at that time. This inrush current flows in the pri¬ 
mary of the current transformer only. The secondary 
current appears as a transformation of the primary cur¬ 
rent with the inrush current subtracted. In the differ¬ 
ential relay connection the several current transformers 
will m general draw varying amounts of inrush current on 
through faults so that a difference current due to this 
cause will often flow in the relay. 

Where the percentage differential relay may be used 
as in the case of a-c generators and two- or three-winding 
transformers, the chance of having false relay operation 
due to current transformer magnetizing inrush currents 
is reduced by the use of a liberal percentage of through 
current restraint. This is not altogether satisfactoiy, 
however, since it reduces the sensitivity of the relay to in- 


Kennedy, Hayward—Relays 


Transactions 263 





ternal faults. In applications where the use of a percen¬ 
tage differential relay is impractical, as in the case of 
many winding transformers or busses involving many 
circuits, the only recourse has been to the use of relays 
set for high pick-up current or to operate slowly enough 
to ride over the inrush period. This system of course 
leaves much to be desired. 

Harmonic Current Restraint 

A new method of preventing the false operation of 
differential relays on unbalanced currents due to any 
or all the causes described above has recently been ap¬ 
plied. We have called it the principle of harmonic cur¬ 
rent restraint. It takes advantage of the difference in 
wave form between the differential current caused by a 
true internal fault and that caused by current transformer 
saturation or magnetizing inrush currents to restrain the 
relay from operating except when a fault exists within 
the protected zone. Oscillograms illustrating typical 
wave forms of these various currents are shown in figures 
2, 3, and 4. 

It is convenient when working with non-sine current 
waves of this kind to consider them as being composed of 

Figure 4. Differ¬ 
ential current due 
to magnetizing in¬ 
rush to either 
power or current 
transformer 



per cent of the crest value of its fundamental component 
is also given. 

While it is understood, of course, that these percentages 
will vary when the conditions under which the currents 
appear vary, still for the purpose of our present discus¬ 
sion they may be regarded as typical. The wave due to 
an internal fault is shown having a rather large displace¬ 
ment, due to the point of the wave at which the fault was 
initiated. With a symmetrical wave the analysis would 
show 100 per cent fundamental with zero direct current 
and negligible harmonic current components. 

It will be observed that the waves of the currents which 
cause undesired operation of the differential relay, that is, 
currents due to current transformer saturation and mag¬ 
netizing inrush, differ from the wave of the internal fault 
current for which relay operation is desired in that they 
contain considerably greater harmonic components. In 
a practical relay it is possible to prevent the undesired 
operations by using these harmonic current components 
for restraint. The various components may be segre¬ 
gated by means of suitable tuned filter circuits. It is 
preferable to use all the harmonics for restraint, rather 
than to select any one alone, for a number of reasons. 
First of all, it will be observed from Table I that in the 
two different types of waves for which restraint is desired, 
different harmonics predominate. Hence, a relay de¬ 
signed to restrain on the second harmonic component 
only, for example, while suitable for magnetizing inrush 
currents, would not be properly restrained on currents 
obtained from saturated current transformers. On the 
other hand, if the relay were made to restrain on third 
harmonic only, proper restraint would be obtained on 


an infinite series of sine wave components of ascending 
order of frequencies according to the Fourier expansion: 

I(t) = /o + /i sin (ft -f- wt) + / 2 sin (0 2 + 2wt) + 

h sin (0 8 + 3 wt) -f-_ 

where 


0i» 0s, 0i, 


saturated current transformer currents but not on mag¬ 
netizing inrush. The use of the d-c component alone 
would not be satisfactory because this component is ab¬ 
sent in the saturated current transformer current and also 
because this component may be lost even on magnetizing 
inrush waves due to cancellation between phases when 
the current transformers in a wye-delta power transformer 
are connected delta-wye, as is the usual practice. Fur- 

Table I. Harmonic Wave Analyses of Typical Currents Ap¬ 
pearing in Differential Relay Circuits Due to Various Causes 


Differential Current Due to: 


Wave Component 


Internal 
Fault 
Figure 2 


Saturated 
C. T.’s 
Figure 3 


Magnetizing 
Inrush 
Figure 4 
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thermore, the use of the d-c component alone would result 
in a relay slow to operate on internal faults where the 
current wave is appreciably offset. 

Practical Application—A Bus Differential Relay 

A practical relay with harmonic current restraint, in¬ 
tended primarily for bus differential service is shown in 
figure 5. The operating characteristics of this relay are 
as follows: 

Pick-up = 5 amperes on sine-wave 60-cycle current. 

Operating time = one cycle average (60-cycle base) at twice pick-up 
or higher. 

Burden = 1 volt-ampere at 6 amperes. 

This relay was designed with the relatively high 5-am¬ 
pere pick-up in order to avoid operation of the relay on 
normal load current in case one of the current transformers 
in the differential connection should inadvertently have its 
secondary open circuited. Bus faults invariably draw 
high enough currents to make extreme sensitivity un¬ 
necessary. The internal circuit is shown in figure 6. In 
this circuit the differential current supplied to the relay is 
first stepped down by means of a small internal curr ent 


The restraining coil circuit branch has a similar wave trap 
made up of capacitor C 2 and reactor Z* in parallel which 
is tuned to block fundamental frequency. The over-all 
circuit is untuned. The operating coil circuit branch 
therefore readily passes current of the fundamental fre¬ 
quency but blocks currents of the predominant and to a 
large extent the other harmonic frequencies. The re¬ 
straining-coil circuit branch passes the harmonic fre¬ 
quencies with moderate impedance but blocks the funda¬ 
mental. Sustained direct current is prevented from 
flowing in the relay coil circuits by the relay current trans¬ 
former. Transient current surges may flow in the second¬ 
ary circuits, however, due to the sudden application of 
the d-c component when the differential current starts. 
These current surges have comparatively steep wave 
fronts and hence pass through capacitors with little im¬ 
pedance. These surges divide between the operating 
and restraining coil circuit branches essentially in inverse 
proportion to the relative inductance of the two branches 
with all capacitors considered as being short circuited 
Tests demonstrated that the addition of the reactor L 3 in 
the operating coil circuit prevents momentary operation 


transformer to a value readily accommodated by standard 
ratings of the capacitors and rectifier used in the relay. 


Figure 5. Bus dif¬ 
ferential relay 
with harmonic 
current restraint 



Across the secondary of this transformer two parallel cir- 
cm are connected, one including the operating coil of the 
relay and the other the restraining coil. The operating 
coil circuit branch contains a wave trap made up of f 

~^ a reaCt0r h “ parallel. This trap is 
the over i° C . ^ predominant harmonic frequency, while 
the over-aU circuit including this trap, the operating coil 

C to hlvem and therCaCt0r U > is tUned b 7 the capacitor 
G to have minimum impedance to fundamental frequency. 
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vard—-Relays 

Transactions 265 





causes high speed operation of the relay. A differential 
current produced by current transformer saturation, like 
figure 3, or by magnetizing inrush, like figure 4, on the 
other hand will flow partly in the operating coil and partly 
in the restraining coil. The restraint magnet air gap is 
shorter than that of the operating magnet so that the 
restraint pull predominates and the relay does not operate. 

Tests 


similar to the one described above except that the out¬ 
going current flowed through a line connected directly to 
the bus instead of passing through the third Current 
transformer. The fault current as shown by trace num¬ 
ber 1 was 7,200 amperes root-mean-square, the differen¬ 
tial current as shown by trace number 2 was 59.5 amperes 
root-mean-square, while trace number 3 indicates that the 
relay operated and closed its contacts in approximately 
one cycle. 


The relay shown in figure 5 has been thoroughly tested 
with successful results, under conditions closely simulating 
those found in actual bus differential relay installations. 
Two typical oscillograms are shown in figures 7 and 8. 

The oscillogram in figure 7 was obtained on a setup 
representing a through fault. A current of 10,000 am- 



Trace number 1— 
Fault current; 10,000 
amperes root-mean- 
square 

Trace number 2— 
Differential relay cur¬ 
rent. Crest value of 
first peak = 116 am¬ 
peres. 

Trace number 3— 
Relay contacts 


Figure 7. 


Test of harmonic current restrained bus differential 
relay on through fault 


Conclusions 

1. Differential relaying systems as used for the protection of large 
power transformers, a-c generators, and station bus systems are sub¬ 
ject to false operation on differential currents due to causes other than 
internal faults in the protected equipment. 

2. The means hitherto available to prevent false operation, while 
satisfactory in some cases, are either impractical or give reduced pro¬ 
tection in others. 

3. The use of the harmonic components of these currents for re¬ 
straint is an effective and generally applicable means of preventing 
false operation while allowing complete, continuous and high-speed 
protection against internal faults. 
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Figure 8. Test of harmonic current re¬ 
strained bus differential relay on inter¬ 
nal fault 
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Discussion 

J. H. Neher (Philadelphia Electric Company, Philadelphia, Pa.): 
I have had the privilege of watching this relay grow from just a 
good idea into its present form, and I wish to congradulate Messrs. 
Kennedy and Hayward on their development of this device and 
the excellent paper describing it. 


peres root-mean-square was carried into a bus through two 
lines in parallel and out through a single line. Bushing- 
type current transformers of 600/5-ampere ratio, one in 
each of the three lines, were differentially connected to the 
harmonic current restrained relay. A resistance of three 
ohms was placed in series with the secondary of the cur¬ 
rent transformer in the single outgoing line. No burden 
other than that imposed by the relay and short connecting 
leads was placed on the other two current transformers. 
Trace number 1 on the oscillogram is the fault current 
derived from a shunt, trace number 2 the differential 
current flowing through the relay; and trace number 3 is 
of the current in the relay contact circuit. Even though 
the crest value of the first current loop shown on trace 

number 2 is 116 amperes, no relay operation occurred. 

The oscillogram in figure 8 was obtained on a set up rep¬ 
resenting an internal fault on the bus. This setup was 


The Philadelphia Electric Company was recently faced with the 
problem of obtaining a differential relay for the protection of the 220- 
kv bus sections at Plymouth Meeting having an operating time com¬ 
parable with , that of the high-speed relays employed on the lines, 
which was required by stability considerations, and which at the same 
time would be nnmune to operation by transient currents which 
might appear in the differential circuit on through faults. While 
high-speed overcurrent relays might have been employed with a suf¬ 
ficiently high setting to override these transients, there is no practical 
method of determining the maximum value which these transients 
may assume. It would seem, therefore, that the proper solution of 
the problem is not to try to guess the value of the transient, but to so 
arrange the system that the transient, if it appears, will act in such a 
way that the relay margin is increased rather than diminished 
thereby. The importance of correct operation of bus differential rep¬ 
lays is usually such that the additional complication is well justified. 

As a result of this reasoning, we have, or will have shortly, all of 
our 220- and 66-kv bus sections protected by means of the relay de¬ 
scribed. These installations are so recent, however, that no operat¬ 
ing experience has been obtained to date * 

Since both our 220- and 66-kv systems are solidly grounded, the 
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pickup value of the relay could be sufficiently high to make addi¬ 
tional restraint against inequality of current transformer ratios un¬ 
necessary. If the relay is required to respond to single-phase-to- 
ground faults on systems where such fault currents may be limited, 
then a more sensitive relay will be required and its response to the dif¬ 
ferential currents produced by inequality of current transformer ra¬ 
tios on heavy through faults must be considered. While this type 
of relay can be constructed with percentage restraint in the usual 
sense, and the equivalent effect of as many restraining coils as are 
necessary can be readily provided, nevertheless this complication 
may not be necessary. The point is that when the secondary cur¬ 
rents delivered by the current transformers reach such proportions 
that the differential current produced by their inequality may equal 
the normal pickup value of the relay, then these secondary currents 
may be so rich in harmonics that the effective pickup of the relay may 
be raised considerably above its normal value, and in effect, percent¬ 
age restraint is automatically provided. I hope that the authors 
can give us further information on this point. 

There is a unique feature of the relay which the authors have not 
mentioned and which may be of interest. In a number of differen¬ 
tial relay installations, provision has been made for checking the 
state of balance of the differential system by an arrangement whereby 
the operator can insert a low range ammeter in series with the dif¬ 
ferential relays. In the case of the harmonic-restrained relay de¬ 
scribed, this same result can be achieved by an arrangement whereby 
the operator can connect a high resistance rectifier type voltmeter 
across the secondary of the current transformers contained within 
the relay. This arrangement is more desirable because the a-c con¬ 
nections to the relay are not disturbed. 


R. M. Smith (Westinghouse Electric and Manufacturing Company 
Newark, N. J.): This paper should be of unusual interest to relay 
engineers as it proposes one novel solution for the problem of high¬ 
speed protection of electrical equipment. 

It is interesting to note that with the exception of the magnetizing 
mrush of power transformers, the problem of high-speed differential 
protection is made difficult only because of unfaithful response dur¬ 
ing faults of the current transformers connected to the protective 
relay. With proper attention paid to the factors affecting cur- 
rent transformer performance, many simple high-speed relays are 
available for differential protection, such as the percentage differen¬ 
tial relay or even the ever-faithful overcurrent relay. Unfortunately 
most of the applications for existing equipment finds current trans- 
ormers ill equipped to handle their burden during maximum through 
short-circuit conditions without one 


will produce a balance. In table I the analysis shows that for 
the differential current due to saturated current transformers there 
is 32 per cent third harmonic for 100 per cent fundamental for the 
particular case under consideration. Wc presume that much less 
than 32 per cent of harmonics will adequately restrain the relay from 
operating under this condition so that some safety factor will be 
provided. The question arises in case of an arcing fault on a bus, 
when the relay should trip, what per cent of the relay current will be 
harmonics due to the arc. It would appear that if harmonics were 
introduced by such an arcing fault in any appreciable magnitude, the 
relay would fail to trip. Since the paper states that the relay has 
been thoroughly investigated we believe that the paper would 
have been made more interesting if pertinent data representing cases 
of arcing faults had been presented. 

The figures showing the test conditions show rather simple wave 
forms. It is to be noted that an almost infinite variety of wave 
shapes are encountered in such a differential circuit, depending upon 
the quality of the current transformers, the amount of short-circuit 
current and the amount and time constant of the d-c transient. Of this 
tremendous variety of wave shapes to be encountered quite a consid¬ 
erable variation from the values given in table I will be fouud. We 
presume that the entire field of possible ratios between the funda¬ 
mental and the various harmonic components have been explored. 
Such an investigation should have produced enlightening data to de¬ 
termine in the design just how effective the restraining electromag¬ 
net must be in order to prevent the relay from ever operating on 
through faults. Data showing the percentage of harmonics in the 
differential current, which will accomplish this purpose, would then 
determine the percentage of harmonies which could be allowed in the 
case of an internal fault, without causing the relay to fail to trip, the 
harmonics being intruduced cither through arcing faults, or saturated 
current transformers. 


R. L. Webb (Consolidated Edison Company of New York. Inc., 
N ® w , Y ° rk ’ Y ) : The authors have described a relay system 
which should develop to have many useful applications. It is 
judged, from the paper, that the relay has so far been applied only 
for bus differential protection, using a nonsensitive operating point 

°! * mperes to avoid incorrect operations if a current transformer 
should become open circuited. 


.-«*.* 0 .jr *«uum uu appneame to Dus protection in some 

instances, such as, where it is desired to use existing current trans- 
fomers having imperfect or poorly matched accuracy characteristics 
under high-current conditions, it would seem that its most fertile 


or more departing severely from true 
ratio. 

The relay described in the paper 
is apparently adapted for bus dif¬ 
ferential protection only. The only 
problem here is saturation of one or 
more of the current transformers, 
thus producing current in the dif¬ 
ferential circuit on a through fault. 
As shown in figure 3 of the paper 
this current may be distorted and 
the relay apparently distinguishes 
between an internal and external 
fault by the ratio of the harmonic 
current to the fundamental. We 
fail to see why an internal fault will 
produce a differential current free 
from harmonics if one or more of 
the current transformers is satu¬ 
rated. It would appear that there 

must be some definite ratio in the 
design of the relay between the 
amount of fundamental frequency 
component tending to operate the 
relay and the harmonic currents 
tending to restrain the relay, which 
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Figure 2. Number 7 unit short-circuit tests 


field would be in the protection of 
rotating machines and transformers 
since high sensitivity is usually much 
more important in protecting such 
apparatus than in protecting busses. 

The authors have pointed out 
some of the difficulties that must be 
overcome in applying differential 
protection to power transformers. 

We have come upon a type of phe¬ 
nomena found to exist in the second¬ 
ary of current transformers used for 
generator differential protection 
which must also be taken into ac¬ 
count when applying relays for this 
purpose. These phenomena make 
it appear that a harmonic re¬ 
strained relay might easily be 
worked into a protective scheme for 
such a machine as this generator, 
but the restraint obtained from the 
harmonics would probably have to 
be quite high. It might be worth 
while considering the use of a small 
amount of fundamental restraint 
as well, when a relay of such sensi¬ 
tivity is built. 

A few years ago, some short-circuit tests were made on one of the 
later generators installed at Hudson Avenue Station. Oscillograph 
elements were connected into the operating-coil circuit of the per¬ 
centage differential relays as a check on the current transformer char¬ 
acteristics for ‘Through fault” conditions. Figure 1 shows the con¬ 
nections for the test. Both three-phase and single-phase faults were 
applied, beyond feeder reactors, with the machine operating alone at 
no-load and also when paralleled with the system and carrying a small 
percentage of rated load. 

Figure 2 shows the results of the three-phase unloaded fault. 
Both A and B phase currents had a large d-c component. The ef¬ 
fects on the A and B phase relay-operating-coil currents are plainly 
shown. 

The results were similar to these for the single-phase-to-ground 
fault and for the tests made under light-load conditions. 

In all of the cases, where the fault current had a large d-c compo¬ 
nent, it was noted that the relay-operating-coil curr en t was rather 
high for a few cycles and had considerable 60-cycle as well as other 
frequency components in it. The current transformers, located in 
the generator neutral and at the bus breaker, though of different de¬ 
signs, have very good accuracy characteristics, at 60 cycles, up to 15 
times rated current or more, and the current in these faults was only 
about three times the transformer ratings. 

It is most probable that the d-c component in the fault current had 
different effects on the two types of instrument transformers involved 
and that this caused the appearance of the d-c component in the sec¬ 
ondary current difference, as well as a healthy value of 60-cycle cur¬ 
rent with other harmonics. The late appearance of the d-c compo¬ 
nent in the secondary circuits is the basis for this assumption. 

The relays in use, having a ten per cent differential operating char¬ 
acteristic with the usual type of current restraint, did not operate on 
these faults. If they had been a little more sensitive they might have 
functioned. 

In any case, the use of harmonic restraint, even if some fundamen¬ 
tal restraint must be added, should permit the use of relays having 
greater sensitivity than present ones and thereby give us more com¬ 
plete protection for machine windings. 


G. B. Dodds (Duquesne Light Company, Pittsburgh, Pa.): The 
relay described in this paper should prove a useful addition to the 
protective-relay family, although some of us may prefer to use the 
standard percentage differential relays where applicable, for a while 
until we learn more about the harmonic restraint advantages and 
limitations. 


As has been mentioned before, some of us have been wondering 
whether one-cycle relays are always desirable, and whether there is 
not frequently a desire for a two- or three-cycle delay. Of course, 
this can always be obtained by an interposing auxiliary relay. 

In figure 7 is shown an oscillogram of fault current and differential 
relay current on a through fault. The fault current in this oscillogram 
is far from completely offset, and we are wondering whether tests 
were made with completely offset waves under this same current 
transformer and relay setup. From tests we have made, completely 
offset fault current adds enormously to the current obtained in dif¬ 
ferential circuits. 

While the five-ampere relay will prove satisfactory in many cases, 
there are also frequent applications where a relay with lower operat¬ 
ing current would be desirable; for example, where it is desired to 
have a fast ground relay in the neutral of the current transformers 
which must carry the magnetizing inrush to a large power transfor¬ 
mer. In cases where the current-transformer ratio is large due to the 
size of the power-transformer bank, a one-half-amp ere pick-up would 
be desirable. In other cases, where fairly sensitive ground protec¬ 
tion is desired and there is danger of obtaining current by asymmetri¬ 
cal through fault currents, a harmonic-restrained relay with one- 
half ampere to one ampere sensitivity would be very useful. 

T. W. Trice (Consolidated Gas Electric Light and Power Company of 
Baltimore, Baltimore, Md.): The introduction of a high-speed 
differential type relay unaffected by transients would indeed be 
welcomed by relay engineers. Methods heretofore used to prevent 
incorrect differential-relay operation generally result in delayed 
clearing of faults under correct operation when compared with the 
standards and requirements of modern relay practice. 

With differential-relay installations the need for high-speed opera¬ 
tion becomes more and more desirable as the magnitude of fault cur¬ 
rent increases. For example, a bus assumes greater importance as 
the connected load, and hence the possible fault currents increase, but 
at the same time high-speed fault clearing is essential to prevent seri¬ 
ous damage and reduce system disturbance. This is an unfortunate 
condition, for while a reduction in relay time becomes more desirable 
with increased fault currents, it is necessary to approach high-speed 
operation with caution because it is more subject to incorrect opera¬ 
tion than the slower relay settings. This leads to certain comments 
with regard to the relay introduced by Messrs. Kennedy and Hay¬ 
ward. 

With reference to part C pertaining to magnetizing inrush current 
m current transformers, the authors’ statements seem to discount the 
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fact that the current in the primary of a current transformer is 
determined solely.by the load or fault current in the power circuit. 
The primary current in a series transformer is not determined by the 
excitation conditions as it would be in a power transformer connected 
across the line. In other words, a current or series transformer is 
subject to the magnetizing inrush current of the main circuit only 
and does not have a primary magnetizing inrush current of its own. 
Another statement in this paragraph—“the secondary current ap¬ 
pears as a transformation of the primary current with the inrush cur¬ 
rent subtracted”—seems an obscure way of describing the fact that 
the secondary current of a current transformer is proportional to the 
primary current except when the primary saturates the core, in which 
case the inrush current above saturation cannot be reflected in the 
secondary. In view of this, we are somewhat in doubt as to just 
what the authors have in mind and would suggest that the phe¬ 
nomena associated with the so-called magnetizing inrush be clarified. 

In the operating-coil circuit, tuned to pass fundamental frequency, 
within what limits of frequency will the circuit permit fundamental 
current to flow? While system frequencies are normally relatively 
stable, it is possible to have on the equipment or bus differentially 
protected, a frequency above or below normal, during or immediately 
following severe system disturbances, particularly if this part of the 
system has been separated. If the circuit is too sharply tuned, it is 
possible that the relays might remain inoperative on a fault occurring 
during this off-normal frequency period. 

It is assumed that the relay is self-contained, not requiring field 
adjustments, all inherent parts being co-ordinated and assembled at 
the factory. However, the importance of reliability on differential 
protective installations dictates that relays used for this purpose 
should have periodic checking. In the case of a harmonic-restrained 
high-speed relay, it would seem of utmost importance to periodically 
reaffirm the effectiveness of the restraining circuit to prevent opera¬ 
tion during transient conditions, particularly since the time of opera¬ 
tion has been reduced to a minimum. While no difficulty should be 
encountered for checking correct operation on normal frequency, it 
appears somewhat difficult to check the restraining circuit to see that 
it continues to function properly on harmonic frequencies. 

In this connection, some information as to the type of condensers 
utilized in the relay and the effect of temperature change and age on 
their performance should be of value. Furthermore, what effect will 
a condenser failure have on the operation of the relay? Having the 
relay completely inoperative under the condition of condenser failure, 
depending upon back-up relays for protection would seem to be more 
desirable than incorrect operation. If a faulty condenser could cause 
incorrect operation, there is even more reason why periodic checking 
of relays should be carried out. Likewise, .a description of the recti¬ 
fier used with information as regards its resistance to aging, is desir¬ 
able. 

It is believed that a relay of this type has a definite place in high¬ 
speed differential protection practice, particularly on new installa¬ 
tions. However, it might be pointed out that there are many dif¬ 
ferential installations in use on systems throughout the country. 
From an economic standpoint, it would be highly desirable to modern¬ 
ize many of these installations by eliminating the delay features and 
reducing the over-all relay time. For this reason it is believed that 
attention should also be given to the development of a harmonic-fre¬ 
quency filter that could be externally connected to present differen¬ 
tial relays. 

E. L. Harder (Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The satisfactory solution of a relaying 
problem involves the determination of a discriminating function or 
quantity which will adequately discriminate the desired trip condi¬ 
tions from the desired nontrip conditions, and then development of 
a relay element or structure which will respond to this particular 
quantity. These discriminating functions or quantities are of two 
general types. First are those which theoretically and practically 
separate the trip and nontrip conditions by a wide margin, preferably 
having zero value for the nontrip condition. Relays may then be 
built having corresponding operating characteristics and applied with¬ 
out any great amount of application effort. Ability to determine the 


necessary setting analytically is of considerable importance. The 
second type of quantity or function is that requiring statistical analy¬ 
sis to prove its ability to segregate the trip from the nontrip condi¬ 
tions. This empirical type of solution involves infinitely more appli¬ 
cation effort and proof of adequacy than the former. For it is nec¬ 
essary not only to show that in general a dividing line exists, but also 
to show for any individual application where that dividing line is. 
In other words, it is necessary to determine empirically at what value 
of the discriminating quantity the relay must be set. 

In this particular instance the relaying quantity is of the statistical 
variety and consequently proof of its adequacy over the range of 
operating conditions is necessary. It will be of interest to point out 
the factors of variation affecting the proportion of harmonics present 
under various conditions. It is also important, as pointed out by the 
authors, that the relay does not actually respond to harmonics, as 
calculated from the wave forms by conventional methods, but rather 
has a response affected by harmonics but altered by the shock appli¬ 
cation thereof. The factors which would appear to affect the wave 
shape and hence operation of this type of element are as follows. 
Consider first factors tending to produce harmonics during internal 
faults (faults on the protected bus section). 

1. The primary current wave shape. For internal faults harmonics may be 
accentuated by restriking arcs, system resonances, or circulation of harmonic 
currents between generators of dissimilar wave form. Such circulating currents 
may have high harmonic content. 

2. Saturation of current transformers. During internal faults the largest 
harmonics would be expected with a critical degree of saturation, greater or less 
saturation resulting in lower harmonic content. The degree of saturation pres¬ 
ent is affected by the relay burden, length of leads, internal burden (or secondary 
leakage impedance) of the transformers, type of iron, iron section, length of 
iron path and turns, and the amount of a-c current and amount and duration 
of the d-c transient. These factors vary widely from one application to another. 

The other condition of interest is that having maximum tendency 
to operate the relay when it should not be operated. This would re¬ 
quire a differential current above the five-ampere setting with low 
harmonic content. Such a condition would be most likely to occur 
when heavy through faults cause a differential current in the relay 
but where saturation, and hence harmonics, are low. It may also oc¬ 
cur at very severe saturation where the current transformers act 
nearly as air core devices over a fairly large part of each cycle. At 
intermediate saturations the restraint may be more favorable. 

The root-mean-square of harmonics in columns 1 and 2 of table I 
are 14 per cent and 33.5 per cent. In view of this fairly close margin, 
for typical conditions, the margins under limiting conditions as men¬ 
tioned would be of particular interest. 

E. H. Bancker (General Electric Company, Schenectady, N. Y.): 
The conversion of an antagonist into an ally is an accomplishment 
worthy of remark. In this paper the authors tell how the aid of 
one of the chief obstacles to successful differential protection has 
been enlisted to bring about better performance. The inability of 
current transformers to maintain a constant ratio at high over¬ 
currents has been a major hindrance to a wider adoption of bus 
differential relaying because it was feared that there was too great 
a hazard of losing busses for external faults. 

It has been known for a long time that whenever current trans¬ 
formers saturate because of a d-c component in the primary current or 
because the a-c current is too large for the particular transformer with 
the particular burden, the magnetizing current is large and full of 
harmonics. D-c saturation produces a preponderance of even har¬ 
monics and a-c saturation chiefly the odd harmonics. It was also 
known that when the secondaries of several current transformers 
saturated to different degrees were differentially connected, the mag¬ 
netizing current differences passed through the differential relay. 
It remained, however, for the authors of this paper to put these 
known facts to work for the good of mankind. The ingenious sepa¬ 
ration of differential currents into their fundamental and harmonic 
components and the use of the harmonic content for restraining op¬ 
eration make possible high-speed differential relaying without the at¬ 
tendant danger of unnecessary losing a bus or piece of equipment for 
some fault external to it. This marks another advance along the 
path that relaying usually follows, i.e., to recognize the peculiarities 
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and limitations of associated equipment and despite them all, to pro¬ 
vide the required protection and service continuity. 

Time alone will tell what other uses will appear for the harmonic 
restraint principle enunciated here. One is immediately apparent, 
transformer differential protection, where the troublesome harmonics 
arise from saturation in the power rather than in the current trans¬ 
former. The application of harmonic restraint to transformer dif¬ 
ferential relaying will avoid the difficulties now existing in the use of 
high-speed relays for this purpose. Magnetizing inrush may be ren¬ 
dered innocuous without impairing the speed or sensitivity of the 
protection. Similarly, sensitive generator protection may be re¬ 
tained without the danger of false tripping or external faults having a 
large and slowly decaying d-c component. 


H, P. Sleeper (Public Service Electric and Gas Company, Newark, 
N. J.): There can be no quarrel with the contention of the authors 
that the use of standard differential relays will tend to give improper 
operation on either bus or transformer differential protection because 
of the saturation of the current transformers or the sustained high 
charging current when a transformer is energized. However, the 
writer believes that it may not always be necessary to install relays 
of the types described by the authors of this paper to prevent such 
improper operation. 

When straight differential relays, as compared with percentage 
differential relays, are used for such protection, the common way to 
avoid such a difficulty is merely to raise the trip-current settings. 
The apparent difficulty became increased when percentage differen¬ 
tial relays were introduced, since the pick-up of these relays with one 
side de-energized is usually considerably lower than the normal setting 
of a straight differential relay. The obvious remedy is to merely in¬ 
crease the trip setting under these conditions. This applies to both 
transformer and bus percentage differential relays and or dinar ily 
can be done without danger of failure since faults requiring the opera¬ 
tion of such relays usually involve high values of power, and the 
operation of the relay elements under such fault conditions are ac¬ 
cumulative, thus assuring positive operation. 

It is recognized that the above suggestions are expedients only to 
take care of undesirable operating conditions. One of the simplest 
methods of preventing improper operation of percentage differential 
relays used for bus protection is to make certain that there will always 
be power in at least one restraining coil. This means that sufficient 
restraining coils must be present in the relays or certain current 
transformers must be paralleled to effect this result. 

There is certainly a field for a differential relay which will not trip 
out a transformer bank incorrectly due to the inrush of magnetizing 
current when energized and yet will operate correctly and instantane¬ 
ously when the protected unit becomes faulted. No such relay is on 
the market, to the writer’s knowledge, which will or can be made to 
completely fulfill these specifications. If this new relay meets these 
specifications, the writer will be the first to cheer. 

Since no characteristic curves of these new relays have been pre¬ 
sented in this paper, it is impossible to analyze their operation; but 
it is the writer’s opinion that the proper use of restraining coils, as in 
the manner described above, may still be required with the harmonic 
current restrained relays described in the Kennedy-Hayward paper. 

L. F. Kennedy and C. D. Hayward: We feel very gratified indeed 
at the amount of interest aroused by this paper as evidenced by 
the unusually large number of discussions presented. The subject 
is apparently one of live and widespread interest. Since some of the 
points discussed were mentioned by more than one individual we 
t hink it better to review the discussion by topics rather than by 
the individuals presenting them. 

Several questions were asked regarding possible fields of applica¬ 
tion. There seemed to be a feeling on the part of some that the har¬ 
monic restraint relay is intended only for bus protection. While the 
particular relay application described in the latter part of the paper 
was one of bus protection, still it should be understood that the har¬ 
monic restraint principle may just as readily be applied to relays in¬ 
tended for any other form of differential protection. As a matter of 
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Figure 3. Harmonic-current-restraint characteristics of bus differential 

relay 

Showing amount of fundamental-frequency current required to cause pick-up over the 
restraining effect of a given amount of harmonic-frequency current when the two are 
mixed in the input to the relay 


fact, the idea was first conceived for transformer protection. The re¬ 
cent interest in and demand for better bus protection lead to its first 
practical application being made in that field. 

Application to transformer and generator differential protection 
will require a relay having lower pick-up current than the five-am¬ 
pere value required for the bus relay. 

Some applications may require a certain amount of through cur¬ 
rent restraint in addition to the harmonic differential current re¬ 
straint. This feature may be added by any of several means, for ex¬ 
ample, an additional restraining magnet energized by the through 
current might be used. 

In regard to the question as to whether the high-speed operation is 
always necessary, we would like to give a very broad answer: If the 
reliability of a given type of protection is not impaired by high-speed 
operation, then high-speed operation is always desirable even though 
it may not be necessary. The necessity for high-speed operation 
usually arises from stability considerations but it is always desirable 
since it means reduced damage. We feel that with the harmonic- 
restraint principle the utmost reliability is obtained and that there¬ 
fore the relay should be made to operate at as high speed as possible. 

Several discussors asked for additional information on the operat¬ 
ing characteristics of the relay, particularly as regards the percentage 
of harmonic restraint used and the effect of ordinary variations in the 



FREQUENCY OF VARIABLE-FREQUENCY CURRENT-CYCLES PER SECOND 


Figure 4. Restraint ratio versus frequency of current mixed with funda¬ 
mental-frequency current 

Slope of curves of the type shown in figure 3 plotted against frequency 
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system frequency. This csn best be shown by reference to two a.d- 
ditional figures. The curves in figure 3 were taken by mixing a cur¬ 
rent of a given harmonic frequency with current of fundamental fre¬ 
quency in the input to the relay. For each value of harmonic-fre¬ 
quency current the amount of fundamental frequency current to 
cause pick-up was determined. Curves for the second, third, fourth, 
and fifth harmonics are shown. The similarity of these curves to the 
slope characteristic curves of the familiar percentage differential re¬ 
lay should be noted. A small difference in the slope of the curves for 
the various harmonics is apparent. This is due to the characteris¬ 
tics of the filter circuits employed in the relay as is better illustrated 
by figure 4. Here the slope of the curve, that is the ratio of funda¬ 
mental current to harmonic current required for pick-up, is plotted 
against the frequency of the harmonic. The shape and height of 
this curve may be modified by design if occasion demands it The 
curve is fairly flat at 60 cycles, indicating that small variations in 
system frequency will have negligible effect on the pick-up. 

Periodic testing of the relay after installation to check the effec¬ 
tiveness of the harmonic restraint can be accomplished by passing 
current of a known harmonic content through the relay. Such a cur¬ 
rent is readily produced by means of a suitable small portable satu¬ 
rating reactor. A measure of the degree of restraint can be obtained 
by simultaneously passing a variable amount of sine wave current 
controlled by a rheostat through the relay coil, mixing it with the 
current produced by the saturating reactor and observing the pro- 
portion of the two at pick-up. 

The capacitors used are of the “pyranol” type while the rectifier is 


of the copper-oxide-disk type. Both are of the best Quality and arc 
energized only momentarily when a fault occurs. Under these condi¬ 
tions exceptionally long life is anticipated. Any possible deteriora¬ 
tion with age would, of course, be detected by the periodic tests. 

The possibility of incorrect relay operation due to harmonics pro¬ 
duced in the primary line current by various causes sucli as line os¬ 
cillations, circulating currents due to differences in generator wave¬ 
forms and arcing faults has been suggested. First of all, it should be 
appreciated that any harmonic present in the line current in the case 
of an external fault, even assuming it was not entirely cancelled out 
in the differential connections of the current transformers, can only 
produce a small additional restraining effect on the relay, which is not 
undesirable. It seems unlikely that any large amount of harmonic 
current will be produced in the differential circuit in the case of an in¬ 
ternal fault by any of these causes. At any rate, the examination of 
many oscillographic records taken under a wide variety of conditions 
fails to show any noticeable amount present due to these causes after 
the first cycle. From this it would seem that the worst effect these 
harmonics could have would be to delay tripping for at most a cycle. 

The successful application of the harmonic restraint relay requires 
knowledge of the relay characteristics and of the current transformer 
performance. At the present time, detailed information regarding 
the harmonics produced by various types of current transformers un¬ 
der all conditions is incomplete. A program of investigation is un¬ 
der way to obtain this information as quickly as possible. Until 
this information is complete applications will have to be made with 
unusual care and will therefore require individual consideration. 
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Some Schemes of Current-Limiting-Reactor Applications 

By F. H. KIERSTEAD 

MEMBER AIEE 


C URRENT-LIMITING reactors are so detrimental 
to the normal operation of an electric system, and 
yet such a valuable contribution to its safety during 
short circuits, that it is very much worth while to try 
again and again to devise schemes which will use the 
ability of reactance to limit fault current and yet mini¬ 
mize the inevitable increase in regulation. With this in 
view, this paper reviews some well-known schemes of 
reactor application. 

It is hoped that in exciting discussion, not only of the 
few schemes described here, but also of allied schemes, a 
trend toward better current-limiting protection may 
develop. This paper is written from the viewpoint of a 
designer, and the author realizes that application and 
operation engineers may find valid objections to the 
suggested uses of the schemes discussed. The author 
feels, however, that the chief value of the paper to the art 
will not be in its contents, but will be in the discussion it 
may excite. 

The following schemes will be discussed: 

A. Reactors shunted by circuit breakers. 

B, The saturable-core reactor. 

C. The split-circuit reactor. 

A. Reactors Shunted by Circuit Breakers 

In order to alleviate the difficulty of opening a faul ted 
feeder, it has been proposed to use two circuit br eaker s 
in series, the one with a shorter time delay being 
with a reactor, so that when it opens its reactance is 
automatically inserted in the circuit—thus lessening the 
duty on the second "main” circuit breaker. Such a 
scheme can be operated successfully and, therefore, the 
economic aspects of it will be discussed below. 

The interrupting duty on a breaker shunted by a re¬ 
actor depends, among other things, upon the amount of 
reactance in shunt. The duty is reduced by the shunt 
reactor to the extent that the voltage across the breaker 
is reduced below that which it would have been if the 
reactor had not been present—in other words, to the extent 
that the recovery voltage is reduced by the presence of the 
reactor. 

In order to evaluate the reduction in duty on a breaker 
affected by a shunt reactor, let us compare two 60-cycle 
6,800-kva, 13.2-kv cable feeders—one equipped in the 
conventional manner with a circuit breaker and a three 
per cent reactor, and the other equipped, in addition to 
the above breaker and reactor, with a breaker shunte d by 
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a reactor. These two circuits are shown in figure 1 and 
the pertinent circuit constants are given below. 

Generator reactance (X 0 ) — 10 per cent and 20 per cent reactance 
on 50,000-kva base. 

Series reactor (X R ) = 3 per cent reactance on 6,800-kva base. 

Shunt reactor ( X s ) = 15 per cent reactance on 6,800-kva 


The final recovery voltage across the breaker of the 
conventional feeder and that across the shunted breaker 
of the proposed feeder are given below: 


Generator Reactance. 10 per cent. 20 per cent 

Final Recovery Voltages 

Breaker in conventional feeder.......100%...100%. ... 

Shunted breaker in proposed feeder. 77%. 71 %.... 

This table shows that the breaker shunted by the 
reactor must, in the cases assumed, be approximately 
three-quarters of the capacity of the breaker in the con¬ 
ventional feeder. The shunt reactor was chosen large 
so that the series breaker which finally opens the circuit 
could have a low interrupting capacity. This breaker, 
however, must have sufficient capacity to carry the initial 
current until the shunt breaker opens. Of course, if the 
reactance of the shunt reactor were made less, the breaker 
which it shunts could have smaller capacity, but the 
series breaker would then have to have greater capacity. 

The series reactor could, in some cases, be made smaller 
where a shunt reactor is used, but this would result in 
higher current to be interrupted, and consequently in 
shunt and series breakers of higher interrupting capacity. 

The table below lists the equipment required for both 
methods. The interrupting duty of each breaker is 
given in per cent of that required for the breaker of the 
conventional feeder. The short-time current capacity 
of the series breaker is neglected in this comparison. 
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(a)—Diagram of the conventional feeder with, a reactor and circuit 
... breaker 

(.o; Diagram of feeder same as (a) except an additional reactor shunted 
by a circuit breaker 
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Actually this consideration may call for a breaker ap¬ 
proaching 100 per cent in size. 



Shunt _Series Series_Shunt 


Conventional feeder.No.Yes.Yes—100%. No 

Proposed feeder.Y es .Yes.Yes—25%Yes—75% 


Since the proposed feeder requires an additional reactor 
and breaker, it appears to be more expensive than the 
conventional feeder. 

Considering the use of the 


the capacity of the breaker by the insertion of the reactor. 

Before such an application is made, thorough considera¬ 
tion should be given to the following factors: 

1* Have the existing feeder breakers sufficient short-time current 
capacity? 

2. Is the increased time required to open two breakers in succession 
(instead of one) with the consequent liability of greater destruction 
at the fault justified? 

3. Is there greater liability of motors on the other feeders dropping 
out of step due to the longer time before the short is cleared? 


“proposed feeder” from the 
standpoint of regulation, the 
series reactor might be reduced 
and thus improve the regula¬ 
tion. This would, of course, 
increase the current to be 
interrupted and, therefore, 
increase the required capacity 
of both the shunt and series 
breakers. The same reduction 
in the series reactor, and 
hence the same improvement 
in regulation, could be ob¬ 
tained in the conventional 
feeder by the use of a larger 
circuit breaker. It would 
appear that the same im¬ 
provement in regulation 
would entail about the same 
increase in cost in each 
scheme, and that the con¬ 
ventional scheme would have 
the lowest cost in any case. 

There seems to be no eco¬ 
nomic justification for the 
“proposed feeder” from either 
the viewpoint of cost or im¬ 
provement of regulation. 

There does, however, ap¬ 
pear to be a very limited ap¬ 
plication for a circuit breaker 
shunted by a reactor in the 
case of a substation where 
the short-circuit kilovolt¬ 
amperes has grown beyond 
the capacity of the feeder 
circuit breakers. The feeder 
bus can be sectionalized 
from the source of power by 
a large breaker shunted by 
a reactor, and all the feeder 
breakers interlocked with the 
large breaker so that they 
cannot open until the large 
breaker opens, and then the 
breaker on the faulted feeder 
interrupts the fault current, 
which has been reduced to 
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In general, higher interrupt¬ 
ing capacity breakers are a 
better solution. 

B. The Saturable- 
Core Reactor 

The inherent characteristic 
of an iron-core reactor is just 
the reverse of the desirable 
characteristic for short-circuit 
protection, in that its react¬ 
ance decreases as the current 
increases. This defect of the 
simple iron-core reactor may 
be overcome by superimpos¬ 
ing a d-c excitation 1 so as to 
displace the saturation curve 
in such a way that the react¬ 
ance over the working range 
will increase with an increase 
in a-c current. 

A properly designed satu- 
rable-core reactor operates 
very satisfactorily as a cur- 
rent-limiting reactor. Under 
normal operation it will insert 
from 10 per cent to 15 per 
cent reactive drop, and will 
limit short-circuit current to 
from 250 per cent to 350 per 
cent of normal. 

The reactance at normal cur¬ 
rent is higher than is usually 
desired for feeder reactors, 
causing too high regulation 
drop, but may not be too 
high for bus reactors. The 
low short-circuit current per¬ 
mits the use of inexpensive 
circuit breakers of low inter¬ 
rupting capacity. 

This type of reactor is 
inherently expensive for the 
reason that the core must be 
large enough to prevent the 
a-c flux from saturating it 
when the reactor is absorbing 
full circuit voltage. The 
winding must carry continu¬ 
ously the normal current— 
hence, the reactor will have 
a kilovolt-ampere rating of 
the same magnitude as the 
load. Since the reactor has 



Figure 3. Comparison between split reactors and conventional reactors for feeder 

circuits. Feeders connected to same substation 


tereda “°'« 1 ' reactor is 30,000 kva. The satumble- 

of the same kilovolt-ampere ratine as the load t* ^qo 00*0 ^ W0Uld be e( l uivalent ^ size and cost to 

order to compare this type of reactor with the ” a ^ transformer. If air-core reactors were 

tioma air-core reactor.^*£2 ^ tld ZT ^ WOuld ««* «• I*r cent to 15 per cent react- 

, znax tne load trans- ance. and-.rim* _ ;_« 
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size, and therefore their equivalent rating is based on the 
normal operation. Their rating would, therefore, be 
3,000 kva. Since reactor kilovolt-amperes cost much 
less than transformer kilovolt-amperes, it is clear that 
a saturable-core reactor costs many times more than an 
air-core reactor. It is, of course, true that the circuit 
breaker used with a satufable-core reactor would cost 
much less than that used with an air-core reactor, due to 
the reduced short-circuit current. The reduction in cir¬ 
cuit-breaker cost has not in the past been commensurate 
with the increased cost of saturable-core reactors, and 
for this reason they have not found a field of application 
as current-limiting reactors. 

C. The Split-Circuit Reactors 

The split-circuit reactor consists of two reactors placed 
so closely together that the reactance of one (due to 


mutual reactance) is affected by the current in the other. 
When used as current-limiting reactors they are con¬ 
nected so that with normal current in each reactor, their 
reactance is less than with current in only one. It is ex¬ 
pected that under short circuit the current in the reactor 
connected to the fault will be very much greater than 
that in the other and, as a result, the reactance will be 
substantially greater at short circuit than at normal 
operation. 

In some cases the current in the reactor not connected 
to the fault may be reversed in direction due to the fau lt, 
resulting in making the reactance of each reactor greater 
than if operating alone. 

The reactors are usually wound as one continuous coil 
with a terminal brought out from the middle of the wind¬ 
ing. The normal current is brought from the source of 
power to the middle terminal and divides, and part goes 
to each end terminal. 



In the case of feeder reactors, 
it would be very desirable 
to separate the two coils 
from each other so as to fully 
insulate one from the other. 
This would permit placing a 
circuit breaker between the 
reactor and the bus. This, 
however, vety materially 
reduces the mutual reactance 
and does not appear to be 
economically feasible in the 
dry type reactors, but could 
be done in a liquid-insulated 
reactor where the insulating 
distances are so much less. 

In the dry-type reactors 50 
per cent mutual reactance is 
about as high as is practical, 
while in the liquid-filled re¬ 
actor the mutual may be 
somewhat higher. 

The reactive drop across 
one section (one reactor) is 
equal to the current in that 
section times its reactance, 
plus the current in the other 
section, times the mutual 
reactance. The mutual adds, 
if the direction of the cur¬ 
rent in one section is positive 
compared to the current in 
the other section, and sub¬ 
tracts if negative. With the 
mutual reactance 50 per cent of 
the self-reactance, the resulting 
reactance of a section is 50 per 
cent with equal opposing cur¬ 
rents, and 150 per cent with 
equal boosting currents. 

With both sections carry¬ 
ing opposing currents, the 
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magnetic forces between the two sections are repulsive, 
and may be very great if the circuit is such that the two 
sections can cany opposing short-circuit currents. There- 
toic, in general, split circuit reactors must be very strongly 
tied together to prevent them from being expelled apart 
by the magnetic force incident to short circuit. 

Due to mutual reactance, current passing through one 
section causes reactive rise in voltage on the other section 
which may be serious, and therefore must be considered. 

There are two general cases for split reactors: 


T / X+X m 

ll ~TTT 

r, X+X m +Xt 

J 2 — -—- 

A + £ 

J, ** +*»)+*! 

A + B 


Ek'-h'Xi 

E»' - -h'X - h'X m 


and the insertion of their 
proofs here is not considered 
warranted. The calculation 
of the curves for the con¬ 
ventional feeder reactors made 
use of standard formulas and 
are not given. 

The value of mutual react¬ 
ance used in all these cal¬ 
culations was 50 per cent. 

The formulas 1 to 5, inclu¬ 
sive were used in calculations 
for split reactor feeders in 
figure 2. 

Calculations for the split- 
reactor feeders shown in 
figures 3 and 4 made use of 
formulas 6 to 10, inclusive. 

X m - Xq 

11 = T+T 

r X + Xt+X, 

1 2 SSJ - 

A +B 

X + X m + X t 
U = A+B 

= (/, - I0(X + X m ) 

Et •= ItX — I\X m (S) 


(1) 

( 2 ) 

(3) 

(4) 


Where all reactances are 
reactive voltages across the 
reactors with a base kilovolt¬ 
amperes passing through 
them expressed in per cent of 
rated voltage. 

. X{X + X x ) + Xo{2X +Xx) 
100 

„ X m (2Xo - X m ) 

B ““ m -- 

Sketch of connections is 
shown in figure 2. 


( 6 ) 


(7) 


( 8 ) 

(9) 

( 10 ) 


1 * For feeder circuits. 

2. For bus sectionalizing. 

1. Split Reactors for Feeder Circuits 


Three general feeder circuits have been considered 
is shown in figures 2, 3, and 4. 

, ™* ues given by the curves for the split-reac 
feeder have been calculated from the formulas gr 
below. These formulas are simple algebraic expressic 


Sketch of connections is shown in figure 3. 

The curves are plotted against X/X 0 and Xi/X 0 . The 
current values taken from the curves should be divided by 
the actual value of Xo. The values of voltages taken 
from the curves are correct for all values of X 0 . 

The reactances are all given as a percentage of rated 
voltage due to a base power flowing through them. The 
currents are given as the number of times the current of 
the base power can be divided into tb»tn 
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An examination of these curves shows that the amount 
of feeder reactance (X) must in general be greater for the 
split reactor than for the conventional reactor; however, 
with equal currents in both sections, the effective react¬ 
ance is equal to the self-reactance minus the mutual 
reactance, and since the mutual is 50 per cent, the effec¬ 
tive reactance is only half of the self-reactance. This is 
considerably less than that required by the conventional 
reactors to limit the fault currents to the s am e values. 

The mutual reactance helps to balance the load in 
parallel feeders due to raising the voltage on the under- 


With these factors known, the curves make a rapid 
comparison possible. The circuits shown in figure 4 are 
particularly favorable to split reactors. 

The case of split reactors for feeders may be stated as 
follows: 

The advantage of lower regulation and better division 
of load between the parallel feeders must adequately bal¬ 
ance the following disadvantages: 

1. Higher cost due to a larger reactor and to the additional expense 
of supporting it to resist high repulsive forces. 

2. Rise in voltage (E a ) which may 
be appreciable, as is shown in figure 

2, if feeder reactance (A'i) is high. 

3. The necessity of using liquid- 
filled reactors if circuit breakers 
must be placed in the individual 
feeders between the reactors and 
the bus. 

2. Split Reactors 
for Bus Sectionalizing 

In order to ascertain if the 
split reactor has any value for 
bus seetionalizing, its use in 
ring busses has been compared 
with conventional reactors in 
ring and synchronizing busses. 
The split reactor is not suit¬ 
able for use in synchronizing 
busses. 

In figure 5 the ratio of bus 
reactance to generator react¬ 
ance is plotted against short- 
circuit currents for the split- 
reactor-ring bus, the conven¬ 
tional ring bus, and the con¬ 
ventional synchronizing bus. 
Three, four, and six bus sec¬ 
tions are included. The curves 
are based upon one per cent 
generator reactance. In prac¬ 
tical cases the generator reac¬ 
tance is of course always 
greater than one per cent, 
and the correct short-circuit 
current is obtained by divid¬ 
ing the current values taken 
from the curves by the gen¬ 
erator reactance. The split- 
reactor curves are based on 

= 1 /iX. 

In figure 6 short-circuit 
currents are plotted against 
, the regulation due to load 

transfer. The calculation of the regulation is based on 
the following conditions: 

is equ!d * *** kUovolt ' ampere su PPly connected to each bus section 
That the kilovolt-amperes transferred to one bus section from 
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3 40 I 2 3 40 I 2 

PER CENT REGULATION BETWEEN BUS SECTIONS 

Figure 6. Comparison of split-reactor ring busses with conventional reactor ring and 
synchronizing busses based upon X 0 ** 1 and X* = 1 / 5 X 


loaded feeder and lowering it on the overloaded one. 

Whether or hot there is sufficient merit in the split 
reactors to warrant their use in particular feeder circuits 
depends on the individual characteristics of the system and 
on the value that can be ascribed to reduced reg ulat ion 
the particular system. 


in 
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aU the other bus sections is equal to the kilovolt-ampere supply 
connected to one bus section. This means that the load on one bus 
sec ion is equal to tlie kilovolt-amperes connected to two bus sections. 

3. That these bus sections each contribute an equal amount of 
the transferred kilovolt-amperes. 

4. The regulation is the reactive drop between extreme bus sections 
due to the load transferred. 

5. That the reactance is the per cent of normal voltage across the 
reactance with the kilovolt-amperes of one bus section passing 
through it. 

The formulas for the calculation of the regulation are 
given below: 


Number of 
Bus Sections 


Split-Reactor 

Bus 


Regulation Drop 

Conventional 
Ring Bus 


Conventional 
Synchronizing Bus 


.X -i- X m .0.5X. i,QX 

.1.33 (X + X m ) .0.667X.1.33X 

.1.80 (X + X m ) .0.9X. 1.2X 


In the curves in figure 6 the regulation between ex¬ 
treme bus sections is plotted against short-circuit cur¬ 
rent. The curves are based on a generator reactance 
of one per cent. The current values taken from the curves 
must be divided by the generator reactance, and the 
regulation values taken from the curves must be multi¬ 
plied by the generator reactance. 

The following examples will show how the curves may 
be used. 

Suppose a six-section bus is to be used and J 2 (see dia¬ 
grams in figure 6) is to be limited to nine times normal 
current of one generator and the generator reactance is 
15 per cent. The regulation between extreme bus sec¬ 
tions and the bus reactance is required. Referring to 
figure 6 and entering curves with current value of 9 X 
15 = 135 (because curves are based on one per cent gen¬ 
erator reactance), the split-reactor bus curve for six sec¬ 
tions gives a regulation value of 0.49, which has to be 
multiplied by 15, giving a regulation of 7.35 per cent. The 
through reactance, 2(X + X m ), of the bus reactor obtained 
from the regulation by use of the regulation formulas 
is 8.18 per cent. By the same procedure it is found that 
with the conventional ring bus the regulation is 30.0 per 
cent and the bus reactance is 33.3 per cent. With the 
synchronizing bus the regulation is 9.0 per cent and the 
bus reactance is 7.5 per cent. 

It should be noted that figure 6 gives a true comparison 
of relative short-circuit currents and regulation irrespec¬ 
tive of the reactance of the generator, because the samp 
reductions have to be made for varying values of generator 
reactance for all three bus schemes. 

Since the reactance of generators will always be larger 
than the mutual reactance of the split reactor, the bus 
voltage will not rise above normal. 

Figure 6 shows that the split-reactor bus has a marked 
advantage over the conventional ring bus. A comparison 
with the synchronizing bus is much more difficult because 
the two schemes are quite different. In addition to the 
currents shown on the curves, consideration must be 
taken of the short-circuit currents on the synchronizing 


bus itself, as these currents are very large. In many 
cases, bus reactance sufficiently high to limi t fault cur¬ 
rents on the synchronizing bus to safe values may make 
the regulation so high that the synchronizing bus scheme 
is difficult to operate. 

The author realizes that the choice between these 
schemes depends a great deal on the individual conditions 
of particular stations, and has given these curves to as¬ 
sist in making the choice. The curves indicate that the 
split reactor bus should be given thoughtful consideration. 

Summarizing 

1. It has been shown that reactors shunted by circuit breakers do 
not have a general application. A very careful study may reveal 
limited applications in which a feeder bus of a substation is con¬ 
nected to the source of power through a reactor shunted by a large 
breaker, the large breaker being so interlocked with the feeder 
breakers that it has to open before any of the feeder breakers can 
open. 

2. Saturable-core reactors have not yet found a field of application 
as current-limiting reactors because of their very hi g h cost. 

3. Split reactors show advantages over the conventional reactors 
for feeder circuits, and particularly for lines with reactors on p ach 
end. They have a substantial advantage over the conventional 
reactors for ring busses. The possibilities of their use warrants 
careful study. 

Reference 
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Discussion 

J. A. Elzi (Commonwealth and Southern Corporation, Jackson, 
Mich.): This paper is interesting to the application engineer in that 
it deals with the problem of providing sufficient reactance in a circuit 
to limit the fault current to a desired value without at the same 
time introducing excessive voltage regulation for normal load con¬ 
ditions. The engineer is usually tempted to try various schemes 
of connections to accomplish this, and the paper demonstrates the 
necessity of making a careful analysis of the results which can be 
obtained by using various reactor connections and designs. 

The conclusions given in the paper regarding the advantages of 
split reactors for feeder circuits where there are reactors at each end of 
the feeders seem quite logical, but the curves presented in figure 4 do 
not appear to demonstrate this. For a given set of reactance values, 
the currents Io f , Ii, and I 2 ' apparently are all greater for the split- 
reactor scheme than for the conventional-reactor scheme. This is to 
be expected for faults at B but not for faults at A. It may be that 
the curves are not being interpreted properly and an example similar 
to that presented for the six-section bus of figure 6 would be helpful in 
clearing up this point. 

S. I. Oesterreicher (Metropolitan Device Corporation, Brooklyn, 
N. Y.): Due to first cost, complications in circuit arrangement and 
control in scheme B, as well as greater space requirements for scheme 
A, there are, no doubt, good reasons from the operating standpoint 
for objecting to these two schemes as described in Mr. Kierstead's 
paper. •-/ .• 

However, the tee-circuit reactor—also known by the names of 
split- or twin-circuit, double or bifurcated reactor, has certain operat- 
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Figure 1 


ing characteristics for which it should in the future receive greater 
popularity than during the past. 

Much of the distrust toward the tee-circuit reactor is due, no doubt, 
to some shortcomings of early designs. After correction, it func¬ 
tioned in accordance with the intent of its inherent characteristics* 
Some of these later tee-circuit reactors have over 12 years of satisfac¬ 
tory operating record to their credit. 

As stated by Mr. Kierstead, the advantage of this type of reactor 
is that during normal operation the voltage (hop across the reactor is 


SUPPLY 



Figure 2. Tee reactor for two In¬ 
dependent circuits 


reduced by the amount of mutual inductance between the two wind¬ 
ings. During short circuits the subtractive mutual inductance be¬ 
comes additive, and thus the reactance through each coil half in¬ 
creases and there is automatically a greater amount of short-circuit 
protection inserted into the respective circuit. 

Unless there is a simultaneous short circuit in both load legs of the 
reactor, the reactance value through the reactor will always be greater 
during short circuits than during normal operation. This is true 
even when one of the two circuits is open beyond one of the reactor 
load side terminals. 

While simultaneous short circuits in both reactor legs are excep¬ 
tions from normal rule, nevertheless, the reactor has to be designed 
for just such emergencies. The repelling forces between the two 
halves during such short circuits, especially with such high mutual in¬ 
ductance values as Mr. Kierstead assumed in his calculations, may 
reach well into hundreds of thousands of pounds. I presume this 
value was assumed to illustrate the advantages of the T reactor to its 
fullest extent. The mutual inductance in our coils was c i ose 

to 30 per cent. 

I believe the r reactor would have its greatest field of application 

on secondary distribution feeders up to the five-fcv range. In these 
dreuits as little as possible reactance would be most welcome from 
the standpoint of regulation. With increase in generating capacity 


and load, the usually inexpensive breakers on these circuits would re¬ 
quire greater protection during shorts, which could be readily pro¬ 
vided by the T reactor. The reactor being compact, takes less space, 
is lighter, and does not cost more than two single-phase coils. To 
eliminate the disadvantage of having two circuits out of service at 
the same time in case of disturbance on only one side of the T reactor, 
the two feeder circuit breakers may be placed upon the supply side of 
the circuit beyond the common terminal of the reactor. Beside the 
regular equipment of the two feeders this arrangement would re¬ 
quire only one additional terminal upon the reactor. 


P. N. Sandstrom and E. L. Michelson (Commonwealth Edison 
Company, Chicago, III.): This paper presents interesting data 
regarding the application of the split reactor on feeder circuits and 
for bus sectionalizing. Some time ago, it was proposed by the Com¬ 
monwealth Edison Company to use the split reactor in a somewhat 
different manner, shown in figure 3a of this discussion. In this dia¬ 
gram, busses 1 and 2 represent the main busses in a large station; 
these busses are normally separated, but the split reactor can be used 
to connect a source of power to feed both busses simultaneously, and 
at the same time maintain a certain degree of separation between the 
two busses. In this way, it possible to obtain a low value of react¬ 
ance between the source and the load, and yet have a high value of 
reactance between the two main busses in the station. It is recog¬ 
nized that this application is a special form of the feeder circuit de¬ 
scribed in the paper. 

Figures 3c and 3d of the discussion show values of fault current 
corresponding to h of figure 2 in the paper, for values of x/x o from 0 





A —Split-reactor connection 
fl—Conventional design 

Short-circuit currents with split reactor 
D Short-circuit currents with conventional reactor 
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Figure 5 

A —Split-reactor connections 
B —Equivalent circuit for split reactor 
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Figure 4 

A —Split-reactor connection 
B —Conventional connection 
C—Short-circuit currents for faults shown in A and B 


to 1. Figure 4 of the discussion shows the fault currents for faults in 
the source of power which feeds both busses. These curves in figures 
3 and 4 show that for the same value of self-reactance, the split re¬ 
actor gives a more effective separation between the busses than is ob¬ 
tained with the conventional reactor, but the use of the split reactor 
results in higher values of fault currents for faults on the source con¬ 
nected to the split reactor. 

It would be interesting to know the comparative cost between the 
split reactor and the conventional reactor. 

Figure 5 shows the equivalent circuit which can be used to repre¬ 
sent the split reactor. 


BUS) 



In this circuit, X M should be taken as positive if the mutual react¬ 
ance has a positive ejffect; that is, if fault current in one circuit re¬ 
sults in a drop in voltage on the second circuit. X M should be taken 
as negative if the mutual reactance has a negative effect; that is, if 
fault current in one circuit results in a rise in voltage on the second 
circuit. This is in accordance with the accepted method for dealing 
with such circuits. It will be noted that this is contrary to the 
method used in this paper and in figures 3 and 4 of the discussion, 
since a negative mutual effect has been expressed as a positive quan¬ 
tity. 


F. H. Kierstead: In accordance with Mr. J. A. Elzi’s request, 1 
wish to give an example covering a comparison of the split reactor 
with the standard reactor. In the split reactor assuming the react¬ 
ance of one section (X) is four per cent and the generator reactance 
P er cent, and a fault at A , the curves in figure 4 give It =* 
21.5, h » 7.5, and Iq =* 28. Since the mutual inductance is 50 per 
cent, the reactance to rated balanced load current is two per cent. 

Referring now to the standard reactor, if its reactance ( X ) is 3.5 
per cent and the generator reactance is one per cent and a fault at A , 
curves in figure 4 give J - 21.5, /, = 6.5, J 0 = 27. Reactance to 
rated balanced load current is 3.5 per cent. 

Figure 3 of this discussion shows the advantage of the split type of 
reactor for a fault on bus 1, while figure 4 shows its disadvantage with 
a fault on the midpoint of the split reactor. These two curves show 
that the split reactor must be properly apphed to obtain its benefits. 

Mr. Oesterreicher shows practical applications of the split-type 
reactor. In the split-type reactor for independent circuits care must 
be taken that the two sections are insulated from each other for the 
full voltage, and if one of the circuits is taken out of service to be 
worked on, it must be grounded at both ends so that the mutual in¬ 
ductance does not induce serious voltages in the idle reactor. 
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Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following 13 pages appear discus¬ 
sions submitted for publication, and approved by the 
technical committees, on previously published papers pre¬ 
sented at the AIEE winter convention, New York, N. Y., 
January 24-28,1938. Authors* closures, where they have 
been submitted, will be found at the end of the dis¬ 
cussion on their respective papers. 

The Application and Performance 
of Carrier-Current Relaying 

Discussion and authors' closure of a paper by Philip Sporn and Charles 
A. Muller published on pages 118-24 of this volume (March section), 
and presented for oral discussion at the relays and reactors session of the 
winter convention. New York, N. Y., January 25,1938. 

T. G. LeClair: For discussion see page 291. 

R«M. Smith (Westinghouse Electric and Manufacturing Company, 
Newark, N. J.): While the paper by Messrs. Spom and Muller 
deals primarily with the problems to be solved by the application of 
carrier-current relaying, we believe that some comments on the 
particular scheme of carrier relaying are worth while. 

In reviewing the steps in the development of carrier relaying 
toward faster operation it is apparent that one outstanding con¬ 
tribution assisted in the realization of speeds in the order of one 
cycle. This improvement consisted in the use of a normally blocked 
trip circuit by the means of a receiver relay whose tripping contacts 
are normally open. This method of handling the carrier-operated 
blocking function was first used by the authors of the paper and I 
believe that due credit should be given them for this contribution to 
the development of carrier-current relaying. 

One thing to be noted in the one-cycle scheme described is that the 
speed of clearing faults has been gained at the expense of reliability 
in blocking on external faults. This comes about, of course^ from the 
use of circuit-opening contacts to remove carrier rather than circuit¬ 
closing contacts. This means that on quick reversals of power which 
occur on parallel lines and loop systems, carrier is stopped by a 
circuit-opening contact and established at the opposite end of the 
line by a circuit-closing contact. The opening contact will ordinarily 
beat the closing contact and there will be a short interval in which 
no blocking signal is present. The authors have circumvented this 
difficulty by the use of an additional temporary blocking relay. It is 
questioned whether this is good practice since an undesirable tim e 
delay will be introduced in clearing an internal fault which occurs 
immediately after an external fault. Would it not be preferable to 
slow up clearing times by, say, 0.25 to 0.5 cycle and use this much 
time interval as a definite margin of safety in blocking? 

It is observed that the contacts which start carrier and the tripping 
contacts are on the same overcurrent element. This means that for 
external fault currents, which are near the m inimum pick-up value 
of the relays, the relay at one end of the line may operate, while, due 
to different current-transformer characteristics, the relay at the 
other end may not operate. If the relay at the line end where power 
flows into the bus is the one which does not pick up, then a blocking 
signal is not sent to prevent unnecessary tripping at the other end. 
The obvious thing to do is to set both relays the same and consider¬ 
ably below the minimum fault current expected. On phase-to- 
phase faults it is generally not difficult to do this, but on ground 
faults where fault resistance or distance may limit the current to 


very low values, it may be very difficult to set the relay pick-up 
value below the lowest possible fault current. One solution of this 
trouble is to place the carrier start and tripping contacts on separate 
elements. The starter element can then be set considerably below 
the tripping element, thus assuring that whenever the currents for 
external faults approach the minimum pick-up value of the tripping 
element, they will be safely above the pick-up value of the carrier 
start element. 

Since a three-phase directional element requires that the ground 
fault current be twice the magnitude of the load current, to indicate 
fault power correctly, there is grave possibility that the relay 
scheme, as described, will fail to clear internal ground faults in¬ 
volving low currents. Of course, this characteristic of the three- 
phase directional element has been encountered before on conven¬ 
tional relaying, but its seriousness in a carrier scheme is much 
aggravated because the failure of only one directional element to 
function will block both ends from tripping. We feel that single- 
phase directional elements for phase, and a separate ground direc¬ 
tional element, are much more desirable in a carrier scheme. It 
may be argued that the single-phase element is liable to go wrong 
on a system with a multiplicity of ground points, or due to load cur¬ 
rents, but this is taken care of by supervising the directional cle¬ 
ment through an impedance element and the use of a ground prefer¬ 
ence scheme as described in the paper by Harder, Lenehan, and 
Goldsborough, whereby on ground faults the ground relays can take 
command of the situation from the phase relays. 

Messrs. Spom and Muller have cited several of the advantages in 
the application of carrier relaying and have described actual examples 
of the applications which have served to bring out the specific fea¬ 
tures to be gained by the use of carrier relaying. The record of 
their experiences with this type of protection should be of great 
interest to system-protection engineers, as it demonstrates the re¬ 
liability of the equipment in actual service. They have stimulated a 
great interest in this form of protection and their paper shows that 
from an operating standpoint their faith in this type of protection has 
been justified. 


O. C. Traver (General Electric Company, Philadelphia, Pa.): I ap¬ 
preciate the frank exposition that Messrs. Sporn and Muller have 
made of both their sorrows and their joys in connection with a com¬ 
mendable pioneering work with carrier-current protection. To me 
the major interest is in table I where much more information exists 
than is at first apparent. I should like to analyze these figures in a 
search for the reason back of the authors' boundless faith indicated 
by their remarks at the end of section II concerning eventual "per¬ 
fect performance." 

In this review I will offer no alibi and only cold figures will be 
used, directly from table I without modification. I understand 
from the text that the heading "Operations on Internal Faults" 
might be more properly expressed as "Number of Internal Faults." 
As these were invariably cleared correctly, we can say that there 
were at least two correct breaker operations for each fault. I am 
therefore going to double all quantities given under that heading 
so as to approximate the number of correct operations for direct 
comparison with those that are incorrect. On the other hand, I 
will ignore the recorded 2,000 possible chances for operation as being 
of debatable concern. ° 


Year 

Installed 

Total 

Correct 

Breaker 

Operations 

Total 

Incorrect 

Breaker 

Operations 

Approximate 
Years in 
Service 

Ratio 

Correct 

1930. 

1937. 

.18. 

.12. 


.2. 

.. .. 95 per cent 
.... 100 per cent 


Observe that the over-all ratio definitely and consistently im¬ 
proves with years of service, indicating that troubles with a given 
equipment are rapidly eliminated. 
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The installations of the last two years have not been in action 
long enough to show a trend. 

But there is real comfort here again because it indicates that later 
days relays have been designed for this work, and we can now con¬ 
fidently expect to start from a higher plane at the very outset, and 
with the vision of such a prospect perhaps the authors are justified 
in looking forward to results which in comparison with their pre- 
carrier experience might not be improperly considered as “perfect 
performance. 0 

The authors have told of having corrected certain troubles. Let 
us see what actual effect followed. We will admit that one may 
expect difficulties the first year or so, and then check results after 
these have had a chance to be ironed out. For example, the operating 
record for the years 1935, 1936, and 1937 for all relays installed in 
1933 shows at least 74 correct operations and one incorrect. This 
gives 98.6 per cent correct operations, and for the speed involved 
that looks excellent. Even better is the entire record for 1937 with 
96 correct and one faulty operation giving 99 per cent correct. But 
we won't c o n fi ne ourselves to scattered illustrations. Maybe I 
just looked for good ones, so how about the rest of the figures? 

If troubles met in the field are truly eliminated in the earlier 
years, there should be progressive improvement in equipments that 
have been installed for longer periods. Yearly variations are apt 
to be irregular and confusing. Accordingly let us lump together, 
for example, all the operations for the years from 1933 to 1937 of 
just those relays installed in 1933 and then similarly for each suc¬ 
ceeding year and so examine all the figures broken down in groups 
based on the year of installation. 


It is thus apparent that the length of the transmission circuit 
to be protected is a primary factor in determining the economic 
feasibility of carrier-current protection as compared with other 
methods. Among other factors are the availability of existing coup¬ 
ling equipment for carrier-current dispatching communication, the 
existence of trained personnel familiar with electronic maintenance, 
and the availability of high-grade communication channels between 
the power terminals, etc. 

The industry owes much to the development of equipment and 
methods carried on by Mr. Spom and his associates. While any 
endeavor to advance the art and science of electrical transmission 
may frequently subordinate economics during the development pe¬ 
riod, sooner or later economic considerations will determine how 
rapidly new developments are accepted into general practice. Any 
criticism of pilot wire relaying in a carrier relay paper invites such 
comparisons. Although the author of this discussion is just now 
making his first installation of carrier-current relay protection, his 
experience with pilot wire protection leads him to suggest that to the 
seven conclusions of Messrs. Spom and Muller should be added the 
following: 

8. Carrier-current relaying is now becoming the accepted standard on long 
transmission lines.. On urban tie lines and short transmission lines (regardless 
of voltage) pilot-wire protection is more economical and is adequately reliable. 
On transmission circuits of intermediate length the decisions between the two 
types will depend upon many factors, such as existing dispatching communication 
practice, existing maintenance personnel, existing commercial communication 
channels, availability of new capital, and other considerations which are more 
largely economic than technical. 


Year 

Installed 

Total 

Correct 

Breaker 

Operations 

Total 

Incorrect 

Breaker 

Operations 

Approximate 
Years in 
Service 

Ratio 

Correct 

1933. 

.174. 

.5. 



1934 . 

1935 . 

.170. 

.17. 

.4. 


.... 97 per cent 
. ... 91 per cent 
.... 89 per cent 


E. E. George (Tennessee Electric Power Company, Chattanooga): 
All relay engineers realize that there have been great improvements in 
carrier current protection in the last few yearn. The present paper 
is therefore very welcome at this time—particularly because it in¬ 
cludes a schematic and circuit description of the latest practice. 
The detailed operating record given is also of interest to both manu¬ 
facturers engineers and operating engineers. 

Experience with a recent installation of carrier-current relay pro- 

*T^°n ^ the totaI cost terminal is now between 

*4,000 and *4,600 installed, depending upon the type of backup 
protection, if any. Taking the lower figure of *4,000 and applying 
the percentage of overheads commonly used by utilities for major 
equipment, one gets a total carrying and operating charge of some¬ 
thing over $40 per terminal per month, which means that on the above 
basis the cost of earner protection would pay for 20 to 30 miles of pilot 
wire between two terminals. This figure should be reduced slightly on 
account of the cost of the simpler pilot wire relays. However, it is 

obJwlr^T t0 appIy same Percentage of depreciation,' 
ctoolesoeiice, and maintenance to carrier-current equipment and 

refay equipment that is applied to power houses and transmission 
may S Y ** the figure derived above is too small 
™eTt£ v PP t0 subject let » take the carrying and 
to S5 8 s£XL*r^ y aPPHed by conun unication companies 
IboS^t aDd CMrier "Web works out to be 

special ecLom^t a ^ mn ~ and *“» is admittedly insufficient on 
j*? * 5 mp ““ t raring particularly skilled mamteaaace On 

*100 ner hT W0Uld ^ 311 °P era tfag and carrying change of 
SSit^STo^ ***."*“ lease «* of ton 

p-zssass* r*—■ — 


O. A. Browne (Western Massachusetts Companies, Turners Falls, 
Mass.): The paper presented by Mr. Spom and Mr. Muller expresses 
a great deal of enthusiasm for the carrier-controlled relay which 
one can hardly appreciate unless one has had experience with it. 
Our system has had these relays in service at 26 line terminals since 
spring of 1933, and although some troubles have been encountered 
similar to those mentioned in the paper, they have aU been fairly 
easily corrected and we are just as enthusiastic as the authors. 

Our relays are all of the older four-cycle type used on line sections 
where either one or two tapped stations were involved. This, with 
other complications, made any type of overcurrent or distance type 
of relaying difficult to work out without cascading time and current 
settings to the point where lines were often burned off. 

Since the installation of carrier equipment in four years we have 
had only one case of lines burned off during a lightning storm. 
Emergency line patrol and repair work on these lines during lightning 
storms has only averaged one case a year. 

We found it desirable, as the authors did, to incorporate a time 
delay so that on the termination of a fault the receiver relay would 
not close the contacts blocking tripping until the ground and phase 
relays had a chance to open their contacts. We accomplished this 
by the installation of a capacitor in series with a resistor connected 
across the operating coil of the receiver relay. On the receipt of a 
earner signal the capacitor is charged up. On termination of the 
signal the capacitor is discharged through the operating coil of 
the receiver relay, thus keeping it from resetting for four to five 
cycles. This seems to be a more positive method than the introduc¬ 
tion of another relay with instantaneous opening and time delay 
clMmg, although it may not be applicable to the newer relays. 

. RellablIit y of tubes is borne out by our experience. In four years 
of operation, only one failure to block tripping could be attributed 
to a tube failure. 


E. H. Bancker (General Electric Company, Schenectady,. N. Y.): 
There is an intermediate stage in most developments after the prin¬ 
ciples have been outlined and the first installations made when 
people hesitate about adopting something new and look for the story 

ftf f AC11 If O kw. _1 A I « ... * 


of this paper lies in the fact that it gives the results of several years 
experience of an early user of many terminals of carrier relaying ; 
development that has been the subject of several previous papers, bu 
aU of which dealt with design features. Now we have the "proof o 
the pudding." . 


282 Transactions 


Discussions 


Electrical Engineering 









As a distinguished New Yorker was wont to say, "let’s look at the 
record.” First the adoption of carrier relaying was the only prac¬ 
tical solution to certain operating problems. In other cases it was 
found to be the most economical solution. In still others it was the 
best, and even though something of lower cost might have served, the 
better performance expected from it was apparently thought worth 
its slightly higher cost. Thus, as was said of carrier relaying in its 
development stages, it has furnished the system designer and opera¬ 
tor with a new tool of great utility. Secondly, it has come up to 
expectations in performance. As part III of the paper shows, the 
over-all accuracy on the comparison of correct and incorrect opera¬ 
tions is not as good as might be desired although it compares favor¬ 
ably with other forms of high-speed relaying. The interesting and 
encouraging things are: (1) that the carrier system was called 
upon to function many times and the percentage failures were so 
small that the over-all performance was about as good as other 
relaying used for similar purposes; and (2) that every cause of a 
false operation was found and remedied so that the 1937 performance 
was better than could be expected of other forms of relaying. This 
indicates that while there may be growing pains, the adult is a 
healthy citizen. 

Finally the carrier part of the equipment accounted for only half 
as many failures as were attributable to the relays. Certainly the 
relays cannot be said to be any more difficult to adjust and maintain 
than any others, and assuming what is probably true, that they were 
well maintained, it will be seen that the carrier part has an even 
better record of performance than relays. This means that the 
carrier equipment is even more dependable than relays, which should 
allay some of the doubts as to the reliability of a carrier pilot 
channel. 

Naturally the results of experiences such as those cited in this 
paper are incorporated in the design as quickly as they are made 
known. Coupling-capacitor gaps are now enclosed in a ho using at 
the base of the capacitor where they are protected against the 
weather. Line-trap capacitors are mica with no appreciable tem¬ 
perature error, and they are protected against damage from over¬ 
voltage by a distribution arrester having a characteristic that does 
protect even up to the highest traveling wave currents that may be 
expected. 

In the modem schemes the contacts of the receiver relay are 
normally open and are mainatined so during an external fault so 
there is no race between them and the tripping relay after the fault 
has been cleared. Directional-relay contacts have been greatly im¬ 
proved by the addition of antibounce features. Moreover they nor¬ 
mally close to stop carrier rather than open as . in the authors* 
scheme where the additional tripping speed of a fraction of a cycle 
gained thereby was considered necessary. Directional relays them¬ 
selves have much increased torque and speed with lower coil burdens 
as a result of the induction cylinder development. 

The necessity for so many correct blocking operations has been 
greatly reduced by diminishing the area in which the occurrence of 
a fault causes an attempt to trip, through the use of distance relay 
elements. 

With these many improvements, whose origin lay within actual 
experience such as is reported in this paper, results at least as good 
as those obtained in 1937 should be realized right from the start in 
any new installations. 


A. F. Rose American Telephone and Telegraph Company, New 
York, N. Y,): The first paragraph, in referring to the use of pilot 
wires for relaying, states: "Neither of the above schemes, however, 
has ever met with any great favor in the United States on account of 
the prohibitive cost of pilot-wire circuits, particularly on long lines, 
and because in the long run the scheme itself is no more reliable 
than the pilot wire. Experience has shown that the reliability of the 
latter is not quite at the 100 per cent level desired and mandatory 
for proper service.” The authors apparently feel, therefore, th at 
the carrier method is superior to the Use of pilot wires. With re¬ 
spect to pilot wires leased from the telephone companies the follow¬ 
ing facts may be of interest. These facts relate both to relative costs 
and reliability. 


With respect to costs, figures have been presented which indicate 
that the use of power-line carrier channels involves a first cost in¬ 
stalled of about $4,000 more per terminal than the pilot-wire plan. 
The added annual expense for two terminals, including interest, 
insurance, administration, taxes, depreciation, and maintenance is 
probably not less than $2,500 (This figure is supposed to cover the 
allocated cost of all work, some of which might conceivably not 
add to "out of pocket** cost in an individual case but which would 
form part of an engineering comparison) which would seem to indi¬ 
cate that, in general, the use of leased channels would be economical 
up to 75 to 150 miles. The capital outlay and risk of obsolescence 
with the carrier scheme would thereby be avoided as would also the 
necessity of specially trained personnel for maintaining the equip¬ 
ment. 

With regard to reliability, figures are presented in the latter part 
of the paper pertaining to the performance of a number of carrier 
systems over a period of several years. These figures show that out 
of about 2,000 occasions when called upon to transmit a signal, the 
carrier channels failed to function in 27 instances, only nine of which 
are, however, attributable to failure of the actual carrier channel. 
Converting the authors’ figures to a percentage basis, which elimi¬ 
nates any need for consideration of the number of systems or'years of 
service, we find that the carrier channels were out of service one-half 
per cent of the time, or putting it in another way, each circuit was 
on the average out of service about 1.5 days per year. Extensive 
summaries of failures on commercial telegraph channels, which should 
be representative of the type of channels which would be leased for 
pilot-wire relaying, indicate "out of service periods” of about an 
hour and a half per year. This is less than one-twentieth of the 
"out of service** time indicated for the power line carrier arrange¬ 
ment. 


Philip Spont and C. A. Muller: Referring to the statement of 
Mr. R. M. Smith that in the one-cycle system described by the 
authors the speed of clearing faults has been gained at the expense 
of reliability in blocking on external faults: Our opinion is that this 
is not true but, on the contrary, the scheme described is more reli¬ 
able than the scheme employing circuit-closing contacts to stop trans¬ 
mission of carrier. It is evident that in the scheme described by the 
authors the employment of the auxiliary lockout relay prevents any 
false tripping from occurring on external faults due to quick re¬ 
versals of power which occur on parallel lines and loop systems. On 
the other hand, in the scheme employing curcuit-closing contacts to 
stop transmission of carrier, the prevention of false tripping on ex¬ 
ternal faults due to sudden power reversals is based on the premise 
that the directional relay contacts at one end of the line will open 
before the corresponding contacts at the other end of the line will 
close. It is the authors* opinion that under certain conditions the 
circuit-closing contacts may close before the circuit-opening con¬ 
tacts open, in which case false tripping would occur on external 
faults. The reason for this is that the relay whose function is to 
close its contacts on sudden reversal of power, has a much higher 
voltage applied to its potential coils than the directional relay whose 
function is to open its contacts. This is very apt to happen if the 
contact spacing of the directional relays is so adjusted as to obatin 
a maximum relay time of one cycle for the clearing of all types of in¬ 
terna! faults. 

In regard to Mr. Smith's comment of the auxiliary lockout relay 
introducing an undesirable time delay in clearing an internal fault 
which occurs immediately after an external fault, we wish to point 
out that it has been the authors’ experience that this occurs very in¬ 
frequently. However, when it does happen this extra time delay 
will amount to approximately three to four cycles, which is not con¬ 
sidered very serious due to it occurring so seldom. Moreover, the 
employment of this auxiliary lockout relay gives out of step pro¬ 
tection to the scheme without the addition of a complicated relay 
arrangement usually recommended for out-of-step protection on car¬ 
rier current relay systems when such protection is desired. 

The question of employing one set or two sets of fault detector 
relays, referred to by Mr. Smith, to prevent the possibility of incor¬ 
rect tripping on external faults when the fault currents are near the 
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minimum pickup value of the relays was thoroughly studied by the 
authors, and it was their conclusion that only one set of fault detec¬ 
tor relays was necessary; the adoption of this obviously results in a 
simplified relay scheme. For phase protection it will be noted that 
the impedance-type fault detectors are employed. In case of an ex¬ 
ternal fault, the fault detector at the line end where power flows into 
the bus bars has a lower voltage applied to its potential coil than the 
fault detector at the opposite end of the line has applied to its poten¬ 
tial coil. Hence, this fault detector will have a lower current pickup 
than the fault detector at the other end of the line. However, this 
same fault detector starts transmission of carrier, blocking tapping 
action at both terminals of the line. Therefore, for phase-to-phase 
external faults no incorrect tripping should occur. For external 
ground faults, there is a possibility of incorrect tripping occurring 
when the ground currents are near pickup value of the ground fault 
detectors due to inaccuracies of current transformer ratios. How¬ 
ever, the authors’ experience up to the present time has not indicated 
an incorrect operation from this cause, thereby proving the infre¬ 
quent occurrence of this condition. If future experience should 
show this to be serious, we expect to employ two ground fault de¬ 
tectors. 

The authors believe the employment of a three-phase power di¬ 
rectional relay is more satisfactory than the use of three single-phase 
power directional relays described by Mr. Smith. Our experience 
has been that a three-phase power directional relay is more reliable 
in its operation for phase-to-phase faults near the station bus bars. 
When applied to carrier-current relaying a much simpler relay ar¬ 
rangement is obtained than by the use of three single-phase power 
directional relays in conjunction with a ground directional relay. 
The typ t-CBP relay illustrated in the paper having only three phase 
elements is only applied when the minimum ground currents are far 
in excess of maximum load currents. In other words, it is only ap¬ 
plied on the line section where ground-directional relays are not 
necessary. On line sections where ground-directional relays are 
necessary, the type-CCP three-phase directional relay is applied 
having three phase elements and a ground element operating on the 
same shaft. In this relay the ground element is made very sensi¬ 
tive and no difficulty is experienced with overcoming the torques 
produced by load currents. Furthermore, the employment of the 
type-CCP eliminates the use of a ground preference scheme, thereby 
simplifying the relay arrangement. 

Finally, after carefully comparing the relay arrangement described 
by the authors with that described in the paper by Harder, Lenehan, 
and Goldsborough, referred to by Mr. Smith, the authors are of the 
opinion that the scheme they describe is a more simplified arrange¬ 
ment requiring less maintenance and having less likelihood of false 
operation. To an operating man the scheme described in the paper 
by Harder, Lenehan, and Goldsborough appears to be a Christmas 
tree setup with relays in profusion acting as the decorating medium. 

Messrs. Rose and George both raise the question of the relative 
costs of earner-current channels versus leased pilot wires from the 
telephone companies. The following figures may be of interest: 

e first cost for the system employing carrier-current channel is 
approximately $4,000 per terminal, which includes the cost of pro¬ 
tective-relay equipment. Of this amount $2,400 represents the^ 
installation cost of carrier-current channel per terminal, and $1,600 
represents the installation cost of the protective-relay equipment. 
The annual carrying charges, including interest, taxes, deprecia- 
on, and mamtenance, for the carrier-current channel would be 
approximately $!,000 for two terminals. This represents a fixed 

for lZ^ f ° f ° Ver 20 per cent Assuming a rental 

5 ° f$5 ° Per mile Per ^ar for two conductors, 

i ** USe of leased cha **els will be economical 
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channels, which should be representative of the type of channel 
which would be leased for pilot-wire relaying, indicate “out of 
service periods” of about an hour and a half per line-section year. 
Then for the period covered by the operating experience in the 
paper, namely, 53 line-section years, the total outage period would 
amount to 79 hours. We believe that at least half of this out¬ 
age period would occur during severe lightning and sleet storms just 
at the time that faults occur on transmission lines. The authors 
believe, and operating engineers in general will agree, that with the 
leased pilot-wire channel out of service 40 hours during severe light¬ 
ning and sleet storms, that more than nine cases of trouble could be 
expected on the transmission system during that distress interval. 
There would of necessity, have to result more than nine incorrect 
relay operations chargeable to the leased pilot wire channel. It 
needs to be kept in mind, too, that all of the incorrect operations due 
to failure of the carrier channel occurred in the first two years of car¬ 
rier-current experience, and that during the remaining two and a half 
years of earner-current operation experience no incorrect operation 
occurred due to the failure of the carrier channel. Furthermore, 
these nine failures were all attributable to faulty design which has 
since been corrected, and no further failures from these sources are to 
be expected in the future. This has been abundantly demonstrated 
by the last two and a half years’ operation, which was 100 per cent 
correct in so far as the carrier channel is concerned. 

The authors are very gratified to find that the experience of Mr, 
Browne, both as regards to benefit obtained from carrier relaying and 
as to reliability of component parts of the equipment, has been the 
same as theirs. 

Mr. Bancker’s analyses of the cause of the original mild difficulties 
with carrier are interesting, and, the authors believe, to the point. 
They very definitely cannot quarrel with the conclusion reached by 
him, since they believe their experience definitely bears this out, and 
that results at least as good as those obtained on their system in 
1937 can be realized in any new and modem carrier installation. 
The same thing holds true with regard to the discussion of Mr, Tra- 
ver. The authors believe with him that the results that are being 
obtained with carrier today are something that neither they nor any 
other practicing relay engineer of a decade ago even dared to envision, 
and the results that are obtainable today with carrier are as close to 
perfect performance as there is a call for in a system aiming to give 
the very highest type of service. Carrier relaying very definitely has. 
reached the point where its performance, given proper application 
engineering, can be predicted with the utmost certainty. That per¬ 
formance is in general so much of an improvement over anything that 
can be obtained by any other single relay scheme, that there does not 
appear to be any doubt that as its performance and functioning 
becomes better known, its use is bound to spread more and more- 
widely. 


A System Out of Step 
and Its Relay Requirements 

Discussion of « paper by Leslie N. Gichton published on pages 1261- 
19 JJ' AIEE TRANSACTIONS (October 1937 issue 
of ELECTR ,CA L ENGINEERING) and presented for oral discussion, 
at the relays and reactors session of the winter convention. New York, 
N. Y., January 25,1938. 

E. H. Bancker (General Electric Company, Schenectady, N Y 
Man s easiest way of learning seems to be through much repetition 
Not many of us have frequent occasion to study loss of synchronism 
and yet it has an important effect upon the action of many types of 
relays. Therefore, although the information presented in this paper 
is not new, it is given in a new and easily understood manner, and as. 
it is knowledge we relay engineers need, it bears repetition. Per¬ 
haps if we read or hear it enough times we may be able better to in¬ 
terpret records of peculiar relay action or to determine in advance 
what may be expected to happen to some of our relays when systems, 
swing or lose synchronism. 
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A little work has already been done in determining how loss of 
synchronism affects relays, especially the distance type. This 
indicated that there was some danger of sectionalizing at several 
points between the machines out of step, thereby leaving areas with¬ 
out a source of supply. Several solutions have been proposed, most 
of them including means for preventing distance relay action under 
the circumstances and requiring an out-of-step relay to separate at 
the most convenient point. 

As the author says, most out-of-step relays must wait for three or 
four slip cycles to differentiate completely between loss of syn¬ 
chronism and every other condition of operation. This should 
usually be satisfactory, but it may be of interest to know that it is 
possible, if necessary, to construct an out-of-step relay that will 
operate during the first slip cycle and for no other condition except 
loss of synchronism. 

This paper will have served its purpose if it merely helps a few of 
us to get a better mental picture of the quantities existing when ma¬ 
chines go out of step. The simple, direct analysis is a big help in 
acquiring an understanding of this complicated phenomenon. 


H. R. Paxson (Philadelphia Electric Company, Philadelphia, Pa.): 
In Mr. Crichton’s paper the graphical method of treatment of the 
conditions at different points on a system running out-of-step enables 
the rather complex current and voltage relationships to be readily 
visualized. This method of representation would have been ex¬ 
tremely useful to us early in 1935 when the problem was forcibly pre¬ 
sented to us by a large frequency converter pulling out of step and 
continuing to run out of synchronism until considerable damage to 
the machine resulted. 


Mr. Crichton was followed but substantially the same conclusions 
were reached with respect to the requirements which the relays 
should meet in order to distinguish an out-of-step condition from 
hunting, overload swings, and faults elsewhere on the system. 

Several relay designs were considered but at the conclusion of the 
study the out-of-step protective scheme described toward the end 
of Mr. Crichton’s paper was chosen and installed on both the 26- 
cycle single-phase generators and 60-cycle three-phase motors of 
two 30,000-kw and three 15,000-kw frequency converters. The 
out-of-step relays consist of a duodirectional watt element whose 
contacts are in series with an overcurrent element. The two ele¬ 
ments working together operate a notching train of auxiliary relays 
so that three complete power reversals accompanied by overcurrent 
ate required to pick up all the relays in the notching train and close 
the tripping circuit; a timing device automatically resets the notch¬ 
ing relays. 

The overcurrent elements were set to pick up on currents ten per 
cent above the continuous ratings of the machines and the timing 
device was adjusted to reset the notching train in five seconds on the 
basis that under out-of-step conditions more than three surges would 
always occur in this interval. These relays were installed in Novem - 
ber 1936 and although a number of system disturbances have oc¬ 
curred their performance to date has been 100 per cent correct which 
tends to confirm the correctness of the principles that were de¬ 
veloped. 


F. C. Poage (Ebasco Services, Incorporated, New York, N. Y.): 
Rewriting the equation from the author’s figure 1 ( F) 


Previous to this occurrence we believed that induction-type over¬ 
current relays would furnish protection against a condition of this 
kind. This belief was based on the fact that our smaller frequency 
converters equipped with induction type overcurrent relays had been 
dealing successfully during out of step conditions. Since the in¬ 
duction relays in the case of the large frequency converter did not 
perform as expected on the occasion in question, an analysis of the 
problem was made for the purpose of developing suitable out-of-step 
protection. As the action of induction relays was first investigated a 
few words on them is appropriate at this time. 

The reset time of an induction relay on zero current is constant for 
any given lever setting while its operating time is a function of the 
•current so that on a varying current such as results from a synchro¬ 
nous machine running out of step, the relay contacts will swing back 
.and forth but will not actually close until the current swings become 
great enough for the relay disk to travel farther forward than back¬ 
ward on each swing. The time taken by the relay is therefore the 
time required for the disk to oscillate back and forth until the sum¬ 
mation of the differential amounts of travel on each swing equals the 
total travel. 

For a given setting the inverse time-current characteristics of 
induction relays makes the number of poles which may be slipped 
"before tripping a function of several variables which include the 
maximum value pf the current surges as a percentage of the relay tap 
netting and the speed with which the disk resets on currents below 
the tap setting. On the basis of using relay settings determined 
necessarily by the maximum load and the need for selectivity with 
other relays, it was found that if the generating capacity was high 
•compared to the rating of the frequency converter, induction disk 
relays will eventually trip on out-of-step conditions but if the 
generating capacity should be low they may not trip at all. As 
three pairs of poles had been established as the maximum n um ber 
which the protective relays should allow the frequency converters 
•in question to slip, induction relays were obviously inadequate for 
this application. 

Fortunately an oscillograph record was obtained. This showed 
that two pairs of poles were slipped during the first second after 
♦clearing the fault which initiated the disturbance and that the num¬ 
ber of pairs of poles slipped, increased to seven per second at the 
.end of the ninth second where the record stopped. With this back¬ 
ground a study of out-of-step relay protection was undertaken. 
.A method of analysis somewhat different from that presented by 
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We have 

/ = — _ 

Z Z 

Let us analyze the expression Eq/Z . EqJ Z represents a fictitious 
short-circuit current supplied by the generator which would flow in 
the system if the internal voltage of the motor were removed and 
replaced by a short circuit as in the author’s figure 4. 

Likewise, analyze the expression -E M /Z. -E M /Z represents a 
fictitious short-circuit current supplied by the motor which would 
flow in the system if the internal voltage of the generator were re¬ 
moved and replaced by a short circuit. 

Thus in this case the total current 7, through a given portion of 
the circuit, is the sum of the two fictitious short-circuit currents 
whose directions are, one positive and the other negative with respect 
to an arbitrary positive reference direction. 

The voltage between conductors (or between phase wire and neu¬ 
tral as in conventional polyphase calculations) at any given point 
in the system is the sum of the fictitious voltages existing at this 
point in the two cases, first: if the internal voltage of motor is 
eliminated and replaced by a short circuit, as in the author's figure 
4, and second; if the internal voltage of the generator is eliminated 
and replaced by a short circuit. 

So far this analysis has followed the standard, but not commonly 
used method of network analysis by the method of superposition. 

The author’s power system may thus be considered the summation 
of two systems, each having but a single generated voltage (internal 
voltage of motor or generator) with the other generated voltage 
removed and replaced by a short circuit. It is apparent that each of 
these two systems may operate at its own frequency, and in operating 
at its own frequency may be out of synchronism with the other sys¬ 
tem, producing pulsating or alternating variations in voltage, cur¬ 
rent, power, etc., at beat frequency (or slip) equal to the difference 
between the two machine frequencies. 

The illustrations and discussions offered by the author clearly 
illustrate the results obtained when two such systems are combined 
in a step-by-step synthesis from the component systems. This 
method may be extended to calculate the currents and voltages exist¬ 
ing in a complicated system having («) generators or sources of 
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internal voltage by building up from (n) systems, each of which has 
but a single generator or source of internal voltage with all other 
internal voltages removed and replaced by short circuits. 

This analysis of the out of synchronism operation requires that 
voltages, currents, impedances, and power quantities be determined 
for each of the component systems operating at its own frequency. 
Each of such component systems may be analyzed by the standard 
methods of short-circuit analysis now well established. 

It should be noted that the principal difference between the equa¬ 
tions cited in this discussion and those used by the author is the 
exchange of polarity signs in the equations for voltage and current, 
which change should not be cause for confusion to the reader. 

Temperature Limits for Short-Time 
Overloads for Oil-Insulated Neutral 
Grounding Reactors and Transformers 

Discussion and author's closure of a paper by V. M. Montsinger 
published on pages 39-44 of this volume (January section), and pre¬ 
sented for oral discussion at the relays and reactors session of the winter 
convention, New York, N. Y., January 25,1938. 

F. Von Voigtlander (Commonwealth and Southern Corporation, 
Jackson, Mich.) This paper suggests standards of time-tempera¬ 
ture limits based on allowable insulation aging. The statement is 
made that devices with closed-type coils (that is, without oil ducts) 
could operate during a fault at somewhat higher temperatures than 
could devices with open-type coils (that is, with oil ducts), and the 
temperature limits for the closed-type coils are shown to be consider¬ 
ably higher than for the open-type coils, tables II and III. Under 
leif expectancy, however, it is shown that for a given set of conditions, 
ten operations per day are permissible with the open-type, coils but 
only 1.3 operations per day are permissible for the closed type coils 
for the same conditions. The premises for the comparison of the 
performances of these two types of coils and their allowable tempera¬ 
tures do not seem clear. 

From time to time it becomes necessary or desirable to use stand¬ 
ard power of distribution transformers for grounding banks. The 
question then arises as to what is the permissible rating of the trans- 
fonner whose rating under normal loads is known, when it is used on 
a one-minute of perhaps an even shorter basis as a ground bank. 
Could not a similar attack, as that developed in this paper, be used 
to determine the ratio say between the continuous rating and a 
short time rating of such transformers? 


an emergency load cycle with the life which he would obtain with a 
load cycle under normal conditions. He can evaluate the cost of 
reserve equipment in terms of reduced life on necessary equipment. 

In short it enables the engineer to apply a transformer intel¬ 
ligently to fit the enconomic design of his particular system. The 
old method of determining ratings by the root-mean-square current 
failed entirely in this respect. 


V. M. Montsinger: In connection with the point raised by Mr. 
Von Voigtlander, the higher temperatures for the closed type of coil 
were predicted on the fact that closed-type coils cannot be used to 
carry a load continuously as can open-type coils. It is, of course, 
true that for carrying current only during faults, open-type coils 
could attain higher temperature limits. For example, if 160 degrees 
is the safe limit for one minute for open-type coils, the one-minute 
temperature limit for closed-type coils to give the same aging should 
be approximately 135 degrees centigrade^ This is covered in the 
paper. On the other hand, if 160 degrees centigrade is safe for 
closed-type coils, the temperature limit could be raised to approxi¬ 
mately 190 degrees centigrade for open type coils. 160 degrees 
centigrade may be too conservative for open type coils but, as 
pointed out in the paper, we have no experience to justify increasing 
the temperature limit above 160 degrees centigrade for one minute. 

I agree that it is possible to determine the ratio between the con¬ 
tinuous rating and a short-time rating of a standard power or dis¬ 
tribution transformer used as a grounding transformer. To de¬ 
termine tlie temperature rise of a power transformer when used as a 
grounding transformer, it will be necessary to obtain from the manu¬ 
facturer the winding losses in terms of watts per pound or amperes 
per square inch. Any standard formula can be used to calculate 
the temperature rise. 

I am glad to learn from Mr. MacLeod's discussion that he intends 
to make use of the method followed in the paper to obtain the ratings 
of electric locomotive transformers which carry heavy overloads for 
only a short time and with light loads or no load the remainder of 
the time. 

While the method Used in the paper was applied to a specific kind of 
service—faults on neutral grounding devices—there is no reason why 
it cannot be applied to any kind of power service. 

It should be understood, however, that unless a transformer has 
been built to carry short-time excessive overloads, similar to loco¬ 
motive transformers, there may be limitations other than the aging 
of the insulation. That is, the lead joints, bushings, load ratio 
control parts, etc., may cause trouble. 


Characteristics of the New 


D. R. MacLeod (General Electric Company, Erie, Pa.): This papi 
by V. M. Montsinger is of value in determining the ratings of tran 
formers for electrified railway systems. It is easy to show that tv 
different load cycles having the same root-mean-square currei 
will result in different temperatures. This paper and its predecei 
sors show that the aging of transformer insulation is a function of tl 
temperature and the time that the temperature exists. 

The thermal characteristics of motors, rectifiers, converters, etc 
differ widely from those of transformers and the temperature limits 
trons of all these equipments differ. In selecting transformers fc 
use in railway substations and on locomotives, multiple-unit car' 
etc., the most economical design will only be secured by studyin 
the load cycles on which the equipment operates. The rating 
should be determined by calculating the temperature-time curve 

t , heSe results “ tems of .Hk the equipment 
Ttosis of particular importance on rolling stock where space an. 

than J« at t a , mium - Hi e her temperatures can be tolerate, 
central station systems with the same aging because th 

™ °, f units enables the engineer of , 

railroad to calculate the relation between the life he win obtain 01 


Station-Type Autovalve Lightning Arrester 

Discussion and author's closure of a paper by W. G. Roman published 
on pages 819-22 of volume 56,1937, AIEE TRANSACTIONS (July 
1937 issue of ELECTRICAL ENGINEERING) and presented for oral 
discussion at the lightning protection session of the winter convention. 
New York, N. Y., January 25,1938. 


K. B. McEachron (General Electric Company, Pittsfield, Mass): 
Mr. Roman's description of the use of the mica spacers and carbo¬ 
rundum insert for the purpose of decreasing time lag is of interest 
to me since I experimented with both of these arrangements some 
years ago. I am sure it would be of interest if Mr. Roman could 
give an explanation of the apparent reduction in time lag when 
using the carborundum. Our tests seem to indicate that the effect 
was rather erratic and could not be depended upon to always give 
the expected reduction. 

There has been considerable discussion concerning high currents 
through lightning arresters in recent years, and I notice that Mr. 
Roman makes some mention of it in connection with the discharge 
capabilities of the new autovalve arrester. It seems to me that we 
have to be rather careful about our thinking and consequent practice 
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with regard to high currents through arresters. Distribution ar¬ 
resters do not as a rule have the benefit of the shielding effects of over¬ 
head ground wires, and in many cases the insulation level is as high 
as the usual wood line designed transmission voltages, and in many 
cases will have as high or higher level than the steel-tower line. This 
indicates that the data already obtained for frequency of occurrence 
of currents of different magnitudes through distribution arresters 
may also be used for station arresters, at least until better data are 
available. 

In general, it is safe to state that the difference between station 
arresters and line arresters is not altogether based upon the proposi¬ 
tion that arresters in stations must carry more lightning discharge 
current than the so-called line type or distribution arresters. The 
choice must include factors such as protection level afforded, stability 
of performance, endurance for repetitive discharges and other factors 
of over-all reliability, but current-carrying capacity alone is not to be 
regarded as the criterion. As a matter of fact, when overhead 
ground wires are properly applied, close to the station at least, the 
current-carrying capacity of the arrester is not important, beyond 
certain limits which I will discuss. 

The paper by McEachron and McMorris, presented also at this 
Convention, dealing with field measurements of discharge currents 
through distribution arresters, indicates in figure 1 that 95 per cent 
of the discharges recorded during 4,036 installation-years were less 
than 10,000 amperes and 99 per cent were less than 21,000 amperes. 

Considering the fact that the wave shapes possible with lightning 
are not known, although it now appears from unpublished work that 
many shapes will be found, it seems wise from the point of view of 
getting the most reliable station protection to make all of the dis¬ 
charges conform to a certain maximum. Although we cannot con¬ 
trol lightning itself, we can control the voltage which can reach the 
station by shielding the station, so that direct hits of unknown char¬ 
acteristics do not reach the apparatus. If waves of the 2,000 kv per 
microsecond, mentioned by Mr. Roman, are to be allowed in the 
station, then rates of rise of four kv per foot must be allowed for the 
distance between the arrester and the transformer, if the transformer 
itself were hit. Thus, with only 50 feet separation, 200 kv would 
have to be added to the arrester voltage. This simple calculation in¬ 
dicates how necessary it is to shield the station from at least the bad 
strokes, and this will of course shield the mild strokes also, if advan¬ 
tage is to be taken of the good characteristics of a lightning arrester. 

It would seem that a proper policy is to pass the lightning discharge 
through a sieve, as it were, which is the effect of placing an effective 
ground-wire system over the station and the incoming circuit for at 
least 2,000 feet. Sufficient information is now available so that such 
a shielded area may be built so that one is certain that strokes to con¬ 
ductors within the area will be practically nil, even over a great many 
years. Such a construction places on the arrester a definite duty, in¬ 
stead of an indefinite and unknown duty, with the result that the 
protection afforded is predictable, and co-ordinated insulation may 
be designed to a definite protection level which may be demonstrated. 
In case the entire transmission line is not protected by overhead 
ground wires, a protector-tube installation can be made for most 
voltage and current ratings, so that flashover may be prevented when 
a wave of high magnitude meets the lower insulation level of the pro¬ 
tected section. 

With such an arrangement, the arrester and the overhead ground 
wire, together with the protector tubes if used, become a co-ordinated 
protection designed to function with certainty for the 220,000-am¬ 
pere stroke as well as the 50,000- or 5,000-ampere discharge. 

Furthermore, it seems to me, with as many multiple discharges as 
are now known to contact transmission lines, it does not appear to be 
wise to stress the arrester up to its limit when the protective shield 
over the station and adjacent lines will limit the duty on the arrester, 
maintaining greater factors of safety and increased reliability. 

What I have said is not to be construed as an argument that ar¬ 
resters should not have a reasonable current-carrying capacity. They 
should, but, for station protection the arrester will do its job. with 
greatest accuracy and precision if it is not called upon to discharge 
severe direct strokes of lightning. Furthermore, ah arrester, which 
held the voltage down at its terminals to even normal line potential 
could not protect the apparatus if unlimited steepness of wave were 


permitted, unless the arrester were directly at the transformer ter¬ 
minals. 

The best solution at present, therefore, for important installations 
at least, is to control both the magnitude and the maximum steep¬ 
ness of the incoming wave, by forcing it to travel through at least 
2,000 feet of line conductor before reaching the arresters. 

V. M. Montsinger (General Electric Company, Pittsfield, Mass.): 
I wish to call attention to what appears to be an error in line D of 
figure 95. This gives the 115,000-volt class impulse strength of 
the transformer major insulation as 700 kv. The maximum impulse 
applied to a 115-kv transformer is 630 kv or 5 per cent over the 
bushing flashover under standard atmospheric conditions. If line 
D represents the demonstrated transformer strength it should show 
630 kv instead of 700 kv. Furthermore, according to my experience 
in obtaining volt-time curves, it should turn up for times less than 
approximately three microseconds. The one-microsecond value 
should be about 720 kv. If line D does not represent the test level 
it does not mean anything. 

D. D. MacCarthy (General Electric Company, Pittsfield, Mass.): 
Mr. Roman's paper “Characteristics of the New Station-Type 
Autovalve Lightning Arrester” contains a very interesting descrip¬ 
tion of the construction and performance of this arrester. 

The multigap structure which normally insulates the arrester from 
the power line is called a “switch gap.” The individual gaps in this 
structure are porcelain spaced, are without shunting resistors, and 
have carborundum inserts in the face of alternate electrodes for the 
purpose of improving the impulse ratio. It would be of interest to 
learn from Mr. Roman how these inserts act to reduce the impulse 
breakdown, if they are equally effective for all rates of rise of applied 
voltage, and if the effectiveness is reduced by the condensation of 
metal which may be boiled from the electrodes by severe surges such 
as he shows in figure 8. 

It is believed that tests made by the writer to determine the effect 
of carborundum inserts on gap spark potential will be of interest. 
The spark potential was measured on five single gaps in series with an 
impulse voltage rising at 50 kv per microsecond. 

The following results were obtained: 



Test Carborundum_ Impulse Ratio _ Number of 

Number Inserts Maximum Minimum Average Measurements 


1.--In place ..... :.2.36.1,49.. __1.87.10 

2...., .Removed:.2.04.1.45.1.85.10 



Previous to test 1, these gaps had been sparked over ten times with 
60-cycle voltage, 20 times with 1,500-ampere impulses, and 43 times 
with impulse and power voltage simultaneously applied. It will be 
observed that on these tests the carborundum inserts had no bene¬ 
ficial effect and that the average impulse ratio is about 40 per cent 
higher than the average shown by Mr. Roman in figure 4. 

The multigap structure used in the new autovalve arresters to in¬ 
terrupt the follow current is referred to as a “quench gap.” A high 
60-cycle breakdown has been obtained by shunting the individual 
gaps with resistances, and a low impulse breakdown is obtained by 
spacing the gap electrodes with mica washers. Since a high 60-cycle 
and low impulse breakdown are equally desirable in the switch gap, 
it would be interesting to learn why the same type of construction 
has not been used in both gaps. It is of interest to note that resist¬ 
ance shunts have been used in the quench gap in the new arrester. 
The benefit of resistance shunts has been realized for some time and 
this principle was applied to the Thyrite station arrester brought out 
in 1930, Unlike the new autovalve arrester, the Thyrite arresters 
have always used resistance in parallel with each individual gap in the 
arrester, which resulted in several benefits. The resistors control 
the distribution of the normally applied 60-cycle voltage so none of 
the individual gaps is overstressed. This permits each gap to carry 
its predetermined share of the applied voltage. It makes the voltage 
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on each gap relatively independent of the effects of water or sleet 
on the outside of the arrester housing and also independent of the 
position of the arrester with respect to grounded structures. The 
resistance shunts also permit the design of an arrester which has a 
lower impulse breakdown than would otherwise be possible. It 
would seem that resistance shunts would be even more necessary in 
the switch gaps of the autovalve arrester than in the quench gap. 

The valve element blocks in the ^7 arresters are cemented with a 
chlorinated wax. It would be of interest to know if Mr. Roman’s 
tests agree with tests made by the writer and his associates showing 
that such waxes may generate explosive pressures in the event of an 
arrester failure. 

Mr. Roman presents data in figures 6 and 7 showing that the volt¬ 
age across the valve element during the discharge of impulse current 
depends upon the rate of rise of current as well as upon the current 
magnitude. Data are not given for the fastest rates of rise for low 
currents. Surges of this type will occur in service when the front of a 
steep surge is chopped by spark-over of line insulation resulting in 
low current amplitude but steep rate of current rise applied to the ar¬ 
rester. If data are available for low currents with very short fronts, 
it would be of value for Mr. Roman to extend the range of data of 
figure 7 to include currents as low as 1,500 amperes at rates of current 
rise of 10,000 and 20,000 amperes per microsecond. Based upon 
figure 7 it would seem the arrester voltage for low-current steep surges 
may exceed the voltage for much higher currents which have a slow 
rate of rise. 

Figure 8 shows current and voltage oscillograms from tests on 


with an IR drop of 530 kv, leaving 170 kv margin between the ar¬ 
rester and the transformer, which certainly seems reasonable. It 
should be noted, however, that the lightning-arrester terminal volt¬ 
age is shown as a wave approximating al 1 /^ 40 full wave. Now 
the full-wave impulse test on a 115-kv transformer is 540 kv, not 700, 
which leaves a margin between the arrester and transformer of ten 
kv, i.e., less than two per cent, which is less than the tolerance of 
measuring either the test voltage on the transfonner or on the arrester. 

Although the author represents the major insulation of the trans¬ 
former as being 700 kv, it is not conceivable that he proposes to pro¬ 
tect the insulation to ground which may have a strength of 700 kv 
and not the turn to turn and coil to coil insulation which may be 
only 540 kv. 

Again in figure 9b, curve B depicts the time lag curve of a 3172- 
inch gap, called by the author a “co-ordinating” gap. The minimum 
impulse flashover of this gap is shown as 525 kv, and as mentioned 
above the full-wave transformer test is 540 kv, leaving a margin of 
less than three per cent. Further, this gap flashover of 525 kv is for a 
positive wave and if a negative impulse should inadvertently appear 
in service the voltage at the gap could rise to about 585 kv, i.e., about 
eight per cent above the full-wave test on the transformer. 

I hope Mr. Roman can prove the suitability of the new queneh-gap 
station-type lightning arrester without working to margins of two 
to three per cent between the lightning arrester characteristic and 
the tested strength of apparatus, and also without the use of an aux¬ 
iliary air gap to back up the arrester. 


valve element blocks which were apparently made without the gap 
unit and without power voltage. The total time duration of the 
53,000 and 79,000 ampere surges is about 12 microseconds to current 
zero. It is possible that surges of longer duration will impose a more 
severe thermal duty on the valve element even though the current 
magnitudes were relatively low. Mr. Roman states that “the cur¬ 
rent in the majority of the strokes is below 50,000 amperes.” He 
also states that “we find that the new SV arrester will dis char ge the 
majority of direct strokes without damage to the arrester, and the 
arrester while discharging these high currents will offer a fair degree 
of protection to the connected equipment.” To justify this last 
statement, Mr. Roman must have other data not presented in his 
paper. The necessary supporting facts would include data on the 
time to crest and duration of lightning strokes as well as on the cur¬ 
rent magnitude, the length of the circuit between the arrester and 
protected equipment so that the voltage drop on the circuit induc¬ 
tance could be evaluated, and performance data on the actual pro¬ 
tection afforded by complete high voltage arresters taken when act¬ 
ually discharging typical lightning strokes with rated power voltage 
applied. Also subsequent test data should be obtained on the 
arrester to determine the effect of actual direct stroke currents upon 
arrester performance. 


G M° S l ( ^r n 098 “ d Electric ****** Corporation, New 
d«S,:JS'h Y iir n he qu ? dl -* ap station-type lightning arrester 
described by Mr. Roman is interesting for several reasons. Fiist 
it would appear from figure 7 that the arrester has actually passed 
lightning currents m the order of 30,000 to 80.000 amperes, and I 
assume passed them successfully. Thus it would appear that we 
rem ° te fr ° m m arrester that can handle successfully 

direct stroke currents of the higher order of magnitude. 

Second, rates of current rise as high as 20,000 amperes per micro- 
ar^for UeW tl0ned ’ 7 C0 “ pared our Present AIEE stand- 
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the arrester ** ^ characteristic performance of 

tecdonTllS 6 w mUnaMe t0f0ll0W Mr- Roman’s story on the pro- 
tecuon of 115-kv service with the 121-kv arrester Thl + “ IT 
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W. G. Roman: Mr. Montsinger and Mr. Gross have questioned the 
data of figure 9b. Since this paper was prepared the transformer 
subcommittee of the AIEE committee on electrical machinery has 
authorized the use of kilovolts rather than gap spacing as a measure 
of transformer strength. Since co-ordinating gaps are no longer con¬ 
sidered desirable, curve B of figure 9b can be eliminated and the dem¬ 
onstrated transformer substituted. This does not change the pro¬ 
tection picture. In the paper it was pointed out that the arrester 
would not protect the 3172-inch gap. The voltage across the ar¬ 
rester is approximately the same as the demonstrated transformer 
strength of 540 kv for long waves. In other words, a traveling wave 
of 5,000 kv results in an arrester drop approximately the same as the 
demonstrated transformer strength. As pointed out by Mr. Gross, 
we cannot expect to co-ordinate our protection with small differences 
between the arrester drop and the transformer strength. If prac¬ 
tical, the station should be designed to prevent waves of this magni¬ 
tude entering the station. 

In answer to Mr. Gross’s question, the curves of figures 5, 0, and 7 
are average values and variations of plus or minus five to ten per cent 
can be expected. The data in figure 4 show the actual variation dur¬ 
ing a life test on four gap assemblies. These are representative gaps 
and indicate the variation to be expected. 

Mr. MacCarthy’s tests on gaps having silicon carbide inserts show 
higher impulse ratios than we have found. The tests were probably 
made under conditions which resulted in an unequal distribution of 
vo tage across the gaps. Under these conditions, we have found the 
60-cyde breakdown of the gap assembly will be reduced more than 
the impulse breakdown and the impulse ratio will, of course, be in¬ 
creased. In the autovalve arrester the gap tube and outer casing 
tend to distribute the voltage uniformly across the gap assembly. 

In the higher voltage arresters, grading rings are also used for this 
purpose. Smce the switch gap is concentrated at the top of the ar- 

d!fficult as it would be if the switch gap were distributed through the 
length of the arrester. We have found the silicon carbide inserts ef¬ 
fective in obtaining a reduction in impulse ratio and their effective¬ 
ness does not seem to be reduced by either high surge current or 
power follow current. The chart of figure 4 shows the results of a 
life test usmg a surge of 4,000 amperes and power follow. There is 
no apparent change. 

The resistance-shunted quench gap was specifically designed to 
have a high power follow interrupting ability and at the same time 
ow impulse ratio. But, since the low impulse ratio is apparently 
due to corona or a similar discharge at the point of contact between 
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the electrode and mica gap spacer, we felt it desirable to insulate the 
quench gap from normal voltage. Also, by insulating the gap from 
line voltage the shunting resistance can be made low enough to divide 
the voltage equally across the quench gaps without the aid of ex¬ 
ternal shields. Since there is no continuous loss due to leakage cur¬ 
rent to be dissipated, it is not necessary to ventilate the arrester. 

A flashover of the autovalve blocks resulting in an arc through the 
chlorinated wax cementing the blocks in place can, of course, result 
in the generation of gas heat and can rupture the porcelain casing. 
However, it has been our experience that a power arc over the outside 
of the blocks, even without the wax, will usually result in bursting 
the porcelain casing. 

Mr. MacCarthy asks if we have data for very high rates of rise and 
low crest currents. The points shown on the curves of figure 6 show 
the maximum rates of rise we were able to obtain at the particular 
crest currents shown. By using a more compact surge generator, 
or by placing a gap across the arrester to chop the wave on the rising 
front, these curves could be extended. By extrapolating the curves 
of figure 6 Mr. MacCarthy's point can be demonstrated. For ex¬ 
ample, the crest voltage across the blocks will be about the same for a 
1,500-ampere surge rising at 7,500 amperes per microsecond as for a 
10,000-ampere surge rising at 1,000 amperes per microsecond. 

I believe the data presented in the paper, together with the avail¬ 
able data on stroke currents, justify the statement that the arrester 
will discharge the majority of direct strokes without damage to it¬ 
self and at the same time offer protection to connected equipment. 
Of course some of the more severe strokes may result in failure of the 
arrester, connected equipment, or both. The 5,000-kv surge enter¬ 
ing a 115-kv station discussed above represents a border line case. 
In a paper describing arrester characteristics I do not see why we 
must consider inductive drops, ground resistance, etc. These are 
problems for the station designer and must be considered in applying 
the arrester, not in designing it. 

I agree with Mr. McEachron that an arrester will do its job best if 
the station is so designed that the arrester will not be called on to dis¬ 
charge the more severe strokes. But I also believe it is well to know 
what the voltage across the arrester will be and its chance of surviv¬ 
ing if it does discharge a severe stroke. The use of ground wires 
over the station and for some distance out over the lines is good prac¬ 
tice. It is also important to place the arrester as close as possible to 
the equipment to be protected. 


Some Engineering Features 
of Petersen Coils and Their Application 

Discussion and author’s closure of a paper by E. M. Hunter published 
on pages 11-18 of this volume (January section), and presented for 
oral discussion at the lightning protection section of the winter con¬ 
vention, New York, N. V., January 25,1938. 


R. E. Hellmund: See discussion, page 304 of this volume (June 
section). 


J. R. Eaton: See discussion, page 304 of this volume (June section). 

J. R. North and F. Von Voigtlander (The Commonwealth and 
Southern Corporation, Jackson, Mich.): Mr. Hunter's paper 
gives a general resume of some of the engineering features of Petersen 
coils and their application and it should be decidedly helpful to 
those concerned with the use of these devices. 

There are many factors which must be carefully considered in de¬ 
termining the probable effectiveness of Petersen coils in a given ap¬ 
plication and, judging from our experience, these include: 

Relative number of single-line-to-ground faults versus faults involving two 
line conductors. • * 
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Eng * neutral-to-ground voltage 

EiG, EiQ, EtG = l|ne-to-ground voltages at fault (EiO =*» 0) 

Er “ residual voltage to ground « EiG 4* EiO + EiG 

la - quadrature component of charging current to ground from sound phases 2 and 3 
ICR « equivalent resistive component of current to ground due to conductor resistance, 
earth resistance, corona, etc. 

ItG + l*G « resultant line-to-ground current from phases 2 and 3 
fPL “ inductive component of Petersen-coil current 
lPR — resistive component of Petersen-coil current 
IP — Petersen-coil current, ground to neutra 

If «* fault current 


2. Relative number of permanent ground faults versus transitory ground faults. 

3. Magnitude of the in-pliase component of fault current due to line resistance, 
insulator leakage, corona, etc. 

4. System arrangement—radial, loop, multiple lines, relative location of lines. 

5. Dynamic and transient over-voltages as may occur with faults at different 
locations, and the ability of the system insulation to withstand th em 

6. Protective relay scheme and necessity for automatically clearing permanent 
ground faults. 

Petersen coils have been in operation for some years on our operat¬ 
ing systems and we are of the opinion that they have a definite field 
of application in improving the performance reliability of transmis¬ 
sion lines. However, this experience, combined with analytical 
studies and field tests, does not bear out some of the broad general¬ 
ized statements made in Mr. Hunter's paper regarding the effective¬ 
ness of Petersen coils and it would appear that some of these state¬ 
ments should be qualified. 

For example, the statement is made on page 11 of the Transac¬ 
tions that the Petersen coil u eliminates transient overvoltages of the 
isolated-neutral system and the short circuits of the grounded-neu¬ 
tral system." We believe that the author here intends to convey the 
thought that the Petersen coil may eliminate the effects of the tran¬ 
sient overvoltages. The coil automatically extinguishes the ground 
fault arcs initiated by the transient overvoltage (or other causes) and 
maintained by the dynamic overvoltage and so prevents these arcs 
from spreading to other phases to cause service interruptions. The 
thought should not be entertained that Petersen coils eliminate 
transient or dynamic overvoltages as this can be refuted by calcula¬ 
tion, by test, and by operating experience. The use of Petersen coils 
may tend to limit the extremes of both the transient and dynamic 
overvoltages and a properly designed application may result in a con¬ 
siderable reduction of these overvoltages. Nevertheless, for certain 
conditions of system layout, fault locations, coil locations, etc., line- 
to-ground voltages well in excess of the normal line-to-line voltages 
may still be obtained during ground faults, even though the coil is in 
tune and successful arc extinction is obtained. Furthermore, the 
coils mitigate only the effects of transitory single-line-to-ground 
faults and have no effect on two-line-to-ground faults or line-to-line 
faults. 

The statement is made on page 12 that "theoretically the leading 
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charging current of the system is neutralized by the lagging inductive 
current from the coil, which results in zero current in the fault. In 
practice, this is approximated as closely as conditions will permit.” 
Evaluation of the theory of Petersen coil operation will show, as is 
later discussed by Mr. Hunter, that only the quadrature components 
are neutralized and that during fault conditions the in-phase compo¬ 
nents of the charging current and of the Petersen-coil current are not 
neutralized, so zero fault current is never actually obtained, either 
theoretically or practically. This consideration of the in-phase 
components of the fault current is very important because the 
success or failure of the particular coil application may depend very 
largely upon this quantity. 

Figure 1 of Mr. Hunter’s paper is intended to illustrate the “vec¬ 
tor relations of the components of current in a ground fault.” This 
diagram is quite abbreviated and possibly might be misinterpreted. 
In illustrating current and voltage relationships by vector diagrams 
double subscript notations are always desirable. Figure 1 of this 
discussion shows the complete vector relations on a Petersen-coil 
system at the point of ground fault. The line-to-ground charging 
currents, the Petersen-coil current, and the unbalanced current in the 
fault are all shown in their proper relationship with respect to the 
system voltages from line to ground. 

It will be noted that the current components consist of the follow¬ 
ing vector quantities: 

Ic sss i^ 2 ff ~b 1corona. 

Ip — inductance + resistive components of coil current 
Ip — vector resultant of Ic and I P 

It is mentioned on page 13 of Mr. Hunter’s paper that test results 
may give charging currents as high as 50 per cent in excess of cal¬ 
culated values. This should be true only if certain important factors 
such as system layout, earth resistivity, overhead ground wires, and 
other factors affecting the zero-sequence impedance are not taken into 
account. When all these factors are considered, our studies on 44-kv 
and 138-kv systems have indicated that the charging current may 
generally be calculated with an accuracy of about ten per cent plus or 
minus and this has been substantiated by tests. The in-phase cur¬ 
rent components may also be predicted, but with somewhat less ac¬ 
curacy. 

In the discussion of general applications on page 14, the author ob¬ 
serves that theoretically one Petersen coil is sufficient to protect all 
parts of an entire system which are metallically interconnected. In 
an extensive system, the use of only one coil may permit such large 
in-phase components of fault current to exist that the effectiveness of 
the one coil would be considerably mitigated, whereas by the use of a 
number of smaller coils the charging current may be more fully com¬ 
pensated in the network branches. 

Table I under “Remarks” should be corrected to read, “140 miles 
of line without ground wires,” instead of “but 40 miles of line .is with¬ 
out ground wire.” 

Referring to the “Summary” in Mr. Hunter’s paper, item 3 may 
not be exactly clear as to the level of insulation referred to. With the 
overvoltage conditions which have been found by test to exist on 
Petersen-coil systems, it would seem that caution should be exercised 
in applying these coils to a system insulated only for what might be 
considered solidly grounded neutral operation with “full neutral dis¬ 
placement.” 

Item 4 should also be qualified, since the effectiveness of the Peter¬ 
sen coil depends upon a number of other factors such as: corona cur¬ 
rent, in-phase component due to unbalanced conditions, etc., as well 
as the size of the system and its circuit arrangement. 

Mr. Hunter has called attention to the importance of the rate of 
rise of system recovery voltage at the fault location. This factor 
must be carefully considered in analyzing coil operation. Appar¬ 
ently, from the information available in oscillographic records of Pe¬ 
tersen-coil systems, there is a relatively slow rate of rise of recovery 
voltage after the arc breaks and thus but little tendency for arc re¬ 
striking. This rate of rise of recovery voltage is a governing factor 
in determining the maximum amount of fault current which may be 
successfully interrupted. 

This discussion is intended to emphasize and to elaborate upon 
some of the statements made in this paper. It is not intended to in 


any way disparage the effectiveness or the desirability of Petersen 
coils when all the pertinent factors have been considered in their ap¬ 
plication to a power system. It is our purpose merely to point out 
the necessity for considering all the factors involved, particularly if 
the power system be of any extent. 

Herman Halperin (Commonwealth Edison Company, Chicago, Ill.): 
One of the discussers has apparently become so enthusiastic about 
the use of Petersen coils that he seems to think they might be used 
to advantage on underground cable systems operating at between 
3 kv and 33 kv, especially since Petersen coils have been used on 
some underground systems in Europe. Almost all of the multiple- 
conductor cable purchased in this country has been obtained on the 
basis of neutral grounding, and the insulation thickness between the 
conductor and ground has been made substantially less than the insu¬ 
lation thickness between conductors. If the Petersen coil is used, 
then there may be a fault on one phase with the other phases operat¬ 
ing with the full delta voltage between conductor and sheath for a 
considerable time. Such operation may be permissible for some 
cables, but it is certainly outside of the contractual arrangements and 
probably is not feasible for many installations from the standpoint 
of the strength of the insulation. In Europe there are comparatively 
more systems where the insulation thicknesses are the same between 
conductor and sheath as they are between conductors. 

It is to be noted that the use of the Petersen coil on an underground 
cable system is not so beneficial as on an overhead system, because the 
fault does not clear itself. A faulted three-conductor cable usually 
could not be kept in operation very long, even with the help of the 
Petersen coil, since the residual unbalance current through the fault 
would very quickly burn the insulation of the other two phases and 
result in a two-phase or three-phase short circuit. The larger the 
system, the quicker the other phase would become involved so there is 
little likelihood of being able to keep a faulted three-conductor feeder 
in service until it is convenient to repair it, at least for our cable 
system. 

The use of the coils on a system having both overhead and under¬ 
ground distribution such as our four-kv system does not seem to have 
any attraction from the standpoint of diminishing the effects of 
lightning. The overhead construction is such that flashovers limit 
the surges on the overhead system to 300 or 400 kv, which means that 
the resultant lightning impulses traveling into the cable are only a 
small fraction of the impulse strength of the cable insulation. When 
all kinds of troubles were taken into account, we found that only 
about ten per cent of our four-kv circuit interruptions might have 
been eliminated by the use of Petersen coils. 


E. M. Hunter: Messrs. North and Von Voigtlander have sum¬ 
marized very nicely some of the factors which should be considered 
in estimating the probable improvement in service to be obtained 
by installing Petersen coils to an existing power system. They have 
very aptly point ed out that t|ie success of a Petersen coil as a service 
protective device depends upon the faults being single phase to 
ground. On many systems at least 70 per cent of all the faults are 
single phase to ground On some systems it is possible to raise the 
degree of protection obtained by such supplementary aids as down 
wires on wood poles and low footing resistances which tend to keep 
the flashovers single phase. 

On the other hand, service protection as such is not always the 
major issue. The reduction in maintenance on connected apparatus 
has more than justified the addition of Petersen coils to some systems 
which were formerly operated with the neutral isolated. 

These discussers have stressed repeatedly the importance of the 
in-phase component of current in the fault. The Consumers Power 
Company 140-kv system which has Petersen coils has a relatively 
large in-phase component of current resulting from corona. It is 
probable that the magnitude of this component of current on this 
system is in excess of that to be expected on many systems. As far 
as I have been able to learn, of the more than 1,700 applications of 
Petersen coils in the world today, all have successfully functioned to 
quench transitory arcs to ground without the aid of any means to re- 
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duce the in-phase component of current. Fault tests have been made 
on a 33-kv Petersen-coil-equipped system with more than 1,300 miles 
of interconnected lines without excessive in-phase components of 
current being recorded. However, there undoubtedly is some maxi¬ 
mum limit to the current that will successfully extinguish itself even 
with the relatively unstable arc that is obtained when the Petersen 
coil is properly tuned and where corona is present, the in-phase com¬ 
ponent of current warrants consideration. 

The statement in my paper in connection with the accuracy of cal¬ 
culating system charging current is to the effect that measurements 
on 33-kv systems give currents that are as high as 50 per cent in excess 
of those calculated by the aid of Maxwell’s coefficients. For those who 
wish to check this, a measured value of charging current in a ground 
fault on a 33-kv line with three-foot delta spacing and 4/0 conductor 
mounted on 30-foot poles was 0.22 amperes per mile. On high-volt¬ 
age lines, there has been in general a closer agreement between the 
currents calculated by these coefficients and those obtained by test. 

In connection with vector diagrams, the one in the paper has been 
drawn by viewing the system from the neutral where the Petersen 
coil is located to the point at fault while the discussers’ is apparently 
drawn from a position at the fault looking into the system to the neu¬ 
tral where the Petersen coil is located. An examination of these two 
vector diagrams shows that in general they both correctly represent 
the neutralizing of the current in a ground fault. For example, on 
the discussers’ diagram, although not shown, the system neutral is 
located one-third the way up the vector Er from the point of fault. 
Drawing in a voltage vector from the neutral to phase one E ln , on the 
discussers’ diagram, will place the vector relations of system charging 
current and Petersen-coil current in the same relative positions that 
they occupy in the diagram in the paper. 

The two diagrams differ in the presentation of the system residual 
voltage. The discussers’ diagram shows the residual voltage E R -as 
three times the magnitude of the system line-to-neutral voltage E ln . 
It is well known that such a voltage exists on a system only on the 
secondaries of those potential transformers which are connected to 
measure residual voltage. To show the residual voltage as three 
times the system line-to-neutral voltage and three times that actually 
existing on a system may lead to the erroneous conclusion that the 
application of a Petersen coil to a system will cause to be impressed 
upon connected apparatus three times the line-to-neutral voltage 
during each ground fault. Since this is decidedly not the case, this 
vector diagram with its residual voltage Er should be shown with an 
explanation of what it actually represents. 

Mr. J. R. Eaton has given a very interesting discussion of the re¬ 
covery-voltage problem as it is associated with Petersen coils. It is 
to be hoped that he will extend this investigation and present a more 
detailed story of the correlation of his theory with actual tests. 

Mr. Herman Halperin discusses the application of Petersen coils to 
cable systems. At the present time there are no Petersen coils on 
cable systems in the United States so that we have no operating ex¬ 
perience from which the efficacy of this type of application can be 
judged. However, several installations of Petersen coils on cable 
systems have been made in England in the last year or so and since in 
the past English grounding practice has closely paralleled our own, it 
is of interest to learn of their experience with Petersen coils on cable 
systems. This has been given in a recent paper presented in London 
in December 1937, "Line Protection by Petersen Coils, With Special 
Reference to Conditions Prevailing in Great Britain,” by H. Willott 
Taylor and P. F. Stritzl, which is to be published soon in the Institu¬ 
tion of Electrical Engineers Proceedings . This paper reports in par¬ 
ticular three separate single-phase faults on three-phase 11-kv cables, 
which remained single-phase for extended periods. In each case, the 
Petersen coil permitted the cables to be kept in service until repairs 
could be made. From these service reports, it appears logical to con¬ 
clude that the application of the Petersen coil to a cable system war¬ 
rants consideration. 

Mr. R. E. Hellmund is of the opinion that the Petersen coil is not 
the best solution of a protective problem under all conditions, and I 
am fully in agreement with him on this. Duplication of circuits, 
overhead ground wires and counterpoises, expulsion protective tubes, 
and immediate reclosure of oil circuit breakers should all be con¬ 
sidered with the Petersen coil and the one best suited for the applica¬ 


tion selected. Comments on these various other methods of protec¬ 
tion will be found in the article “The Application of the Petersen 
Coil” by E. M. Hunter, in the General Electric Review for December 
1936. 


A New High-Speed 

Distance-Type Carrier-Pilot Relay System 

Discussion and authors* closure of a paper by E. L. Harder, B. E. Lene- 
han, and S. L. Goidsborough published on pages 5-10 of this volume 
(January section), and presented for oral discussion at the relays and 
reactors session of the winter convention. New York, N. Y*/ January 25, 
1938. 

T. G. LeClair (Commonwealth Edison Company, Chicago, Ill.): 
Like all other improvements in the art, carrier relaying brings up 
additional and related problems which must be solved. Some of 
these problems which have arisen in connection with application of 
carrier relaying in Chicago may be of interest because they are likely 
to occur on other transmission systems. 

Induced Currents 

For the protection of two long overhead lines which parallel 
closely, a ground fault on one line introduces serious relaying prob¬ 
lems due to induction. On the particular application in Chicago the 
current induced in the parallel line under maximum conditions will 
be greater than the fault current due to an actual fault on this line 
at minimum conditions. 

In the case of two parallel lines supplied by a single bus and 
transformer, the induction is no problem, because the relative direc¬ 
tion of the induced current and the transformer neutral current is 
used to obtain the directional effect. However, in the case of two 
lines frequently operated on separate bus sections supplied by sepa¬ 
rate transformers, the induced current flows through both the line 
and transformer neutral circuits and may trip the relay in error. 
This problem has been solved quite simply in one case by polarizing 
the directional relay on each line with the vector sum of the neutral 
currents in the transformers on both lines. In this case current in 
the faulted line and the net polarizing current (fault current minus 
induced current) are in the same direction on the faulted line and in 
opposite directions on the unfaulted line. 

The problem is more complicated where the two lines have a 
parallel throughout most of their length, but have different destina¬ 
tions. For this case a solution which will work in some instances is 
the use of phase-to-ground voltage relays to prevent tripping on 
overcurrent unless the voltage on one phase has been reduced below 
a predetermined value. Also, negative-sequence current or voltage 
relays may be used. Another suggestion which has been made, 
and on which we would be interested in comments by the authors, is 
that of balancing out the zero-sequence current in phase-directional 
power relays. This can be accomplished by the installation of three 
three-to-one secondary current transformers in the neutral circuit of 
the secondaries of the main-circuit current transformers and con- 
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necting each of these three-to-one current transformers to the current 
circuit of the phase-directional relays, as indicated in figure 1 of 
this discussion. 

This application should be satisfactory where the overhead line 
has the normal number of transpositions so that the induced current 
will be distributed equally in the three phases. By the addition of 
these secondary current transformers, which add a third of the total 
ground current to the current from each main current transformer, 
the induced current will be balanced out and fail to appear in the 
relay. However, by actual fault on the line where the ground cur- 



Figure 2. Performance of normal trip circuit, sustained fault 


rent appears in one phase only, this will not be the case and the 
relay will operate satisfactorily. 

Application to Underground Cable 

The application of carrier relaying with which we are concerned 
at the moment is that of a line having underground cable over six 
miles of its length and an overhead line for approximately 30 miles. 
It has been found that in some cases it is quite difficult to send the 
carrier frequency current through the underground cable. For the 
Chicago application we had a specially favorable opportunity to 
compare the transmission characteristics of an underground line 
with and without sheath-bonding transformers to reduce cable- 
sheath losses. We have two lines in parallel in the same under¬ 
ground duct section, each consisting of three single-conductor lead- 
covered cable. One of these lines is solidly bonded. The other has 
insulated joints in the cable sheaths, with the sheaths across the 
joints connected together through sheath-bonding transformers. It 
has been found quite difficult to transmit a carrier wave through the 
transmission line with the sheath-bonding transformers. On a 
simple test the solidly bonded line would transmit the carrier wave 
at practically any frequency between 50 kilocycles and 140 kilo¬ 
cycles with about the same attenuation as on an overhead line. The 
line With the sheath bonded transformers would transmit only a 
relatively few frequencies, and even at these frequencies the at¬ 
tenuation Was much greater than that on the solidly bonded line. 

It is evident from these preliminary tests that careful considera¬ 
tions should be given before an attempt is made to transmit carrier 
frequencies over underground transmission lines with an artificial 


impedance inserted in the cable sheath circuit. It is apparent that 
the circuit for the carrier wave is normally the conductor of the 
transmission line and that the return path is the sheath of the same 
cable instead of the general ground plane. 


H. P. Sleeper (Public Service Electric and Gas Company, Newark, 
N. J.): This paper describes a system of carrier-pilot relay protec¬ 
tion which compares the indications of instantaneous directional re¬ 
lays at the two ends of a transmission line and trips or blocks in ac¬ 
cordance with this information which is communicated between 
terminals by means of a carrier-pilot channel which is normally not 
operative. It is now considered the up-to-date relay protection of 
this general type and relay systems operating on this principle have 
been in service for several years and are quite successful. 

This scheme, which has been boiled down from about 15 years’ 
experimentation with carrier-pilot relaying, has apparently arrived 
at a stable and fairly dependable stage. Having been until very 
recently, only an interested observer of this type of relaying, but 
having followed it on paper for many years, there is to my mind only 
a single fundamental fallacy in the present perfected scheme. I 
refer to the fact that when a fault occurs on a power system with this 
type of protection on all lines, it is necessary for the relay protection 
on all good lines, as well as all faulted lines, to operate correctly to 
secure selective relaying of the defective line. This is, of course, only 
an extension of any ordinary system of directional relays where 
direction alone locks out the operation of nearby breakers on good 
lines, but by virtue of the transmission of information of such ele¬ 
ments in the carrier scheme to the far line ends, it requires the correct 
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Figure 3. Performance of normal trip circuit, one-cycle fault 


operation of considerably more elements than with standard relaying. 
Unfortunately, I have no solution for the problem, but there seems 
to be opportunity for further development work. 

The authors of this paper recommend the use of several steps of 
distance relays to effect protection of a line unit; one to operate 
independently of the carrier system for a considerable number of 
faults on the line and back-up protection of the carrier; a second step 
to operate for end zone line faults and bus faults at the end of the 
protected section; and third step for general back-up protection for 
all faults beyond the line unit in question. 

To the writer it would seem to constitute more efficient, depend- 
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able, and economic relaying to omit all back-up features and depend 
upon the carrier system alone for protection for all faults on the line 
in question. Similarly, the carrier protection on the next section 
of line would be likewise depended upon for its proper operation and 
no back-up relays provided in the carrier equipment. The busses 
would have their own differential relay protection which would be 
depended upon to clear its own faults, preferably, of course, with 
sectionalizing breakers to maintain service on the good part of the 
bus. Furthermore, the omission of all accurate distance-measuring 
elements on each line enables high-tension potential transformers to 
be omitted and only low-tension potentials used on the fault detec¬ 
tor element, thereby effecting the saving of a considerable amount of 
money, at the same time obtaining more dependable operation of 
the directional elements by virtue of the impedance drop through the 
step-down power-transformer banks. 

One problem which arises in connection with high-speed carrier 
relaying, or any type of high-speed relaying, and which has been 
recently solved by this writer in a manner believed to be novel, is 
that of preventing improper operation of such relays during transient 
short circuits, either phase-to-phase or -to-ground. There are many 
causes for such transient faults, which were very completely de¬ 
scribed in a paper entitled “Power System Faults to Ground” by 
Gilkeson, Jeanne, and Davenport, published in the April 1937 issue 
of Electrical Engineering. Such faults, which ordinarily last 
only a portion of a cycle, but may continue for as much as one cycle, 
will cause improper operation of circuit breakers on at least one end 
of a line with any system of modem high-speed relaying. Since 
expulsion tubes will nearly always cause such operation, it is abso¬ 
lutely necessary that the relays be capable of distinguishing between 
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following manner. When the d-c circuit is closed at the relay 
contacts, the trip coil current starts to build up, but very slowly be¬ 
cause the L/R time constant of the d-c circuit has been considerably 
increased. Hence, the current to be broken on the relay contacts is 
much smaller than formerly after one cycle of time. However, this 
alone is not depended upon but the current is actually reduced to 
zero at the relay contacts by the creation of an oscillatory circuit 
caused by the exchange of energy between the condenser and the 
inductance of the trip coil circuit. Actually, the oscillogram shows 
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Figure 4. Performance of modified trip circuit, sustained fault 

this and a legitimate fault which will be sustained, if not relayed out 
The solution worked out by the writer consists of the use of a 
reacSr Sd cond^ser in the d-c trip circuit of the high-speed relay,. 
Without such auxiliaries the reactance of this circuit 
low to allow the direct current to build up almost instantly when the 
relay closes contacts; and even though the contacts open a cycle 
££ whaT the* fault disappears, the arc will be maintained suffi¬ 
ciently long across the contacts to permit the high-speed breaker 
open The introduction of a properly proportioned additional react¬ 
ance in series with the breaker trip coil and the ° the 

proper capacitance across the relay contacts prev 


Figure 5. Performance of modified trip circuit, one-cycle fault 


that several oscillations occur, and of course, the direct current arc 
is broken at current zero. 

In actual operation the use of a two-microfarad condenser and a 
reactance of one henry, when used in the trip coil of a standard 
37-kv circuit breaker, gave dependable operation so that a one- 
cyde fault was always removed without causing the circuit breaker 
to trip. Likewise, of course, a one- to two-cyde delay is introduced 
into the normal tripping operation of the breaker when a sustained 
fault occurs. The operation of the scheme is dearly shown in 
figures 2, 3, 4, and 5. 

B. E. Lenehan and S. L. Goldsborough: Mr. LeClair's suggestion 
for removing the zero-sequence components from star-connected 
phase rdays may have certain applications. The ddta connection 
used in the paper removes the zero-sequence components. Wien 
system conditions are such that ground rdays are not required, it 
is a suitable method of preventing induced current from tripping. 

Sometimes, local conditions require certain limited power oscilla¬ 
tions to be permitted without tripping. Star-connected phase relays 
will occasionally allow these oscillations to occur where otherwise 
out-of-step blocking would be required. 

Where rdays are required to operate on ground currents smaller 
than full-load current, separate ground relays are requued. Wken 
maximum induced current is greater than minimum fault current, 
some other factor such as negative-sequence current hne-to-neutral 
voltage or station-neutral current has to be introduced to proper y 
select the operation desired. Each location has to be considered by 

itself to find the best additional factor to use. 

We have carried on experiments in improving the transmission 
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over an underground cable of the Public Service Corporation of 
New Jersey, which is equipped with sheath-bonding transformer. 
The joints were by-passed with four microfarad capacitors to 
simulate a continuous sheath at carrier frequency. 

The transmission of the cable was greatly improved, approxi¬ 
mately 30 decibels, in the ten-mile length. There are other factors 
to be considered, voltage induced in the sheath by switching surges 
and faults, being high enough to require protective gaps on the 
capacitors to prevent damage to capacitors or cable sheath insula¬ 
tors. A careful study will be required for each individual case to 
determine whether the power cable should be used for the carrier 
or a separate channel provided for it. As Mr. LeClair’s tests have 
shown, underground construction does not necessarily bar the use 
of carrier-current relay protection. 

The Thyratron Motor 
at the Logan Plant 

Discussion and author’s closure of a paper by A. H. Beiler published 
on pages 19-24 of this volume (January section)/ and presented for oral 
discussion at the electronics session of the winter convention/ New York, 
N. y./ January 25, 1938. 

W. C. White (General Electric Company, Schenectady, N. Y.): 
The references to tube difficulties in this paper are of interest because 
they are typical of what occasionally occurs along wholly unpre¬ 
dictable lines when new devices are combined with new applications. 

Structurally and except for slight differences in characteristics, 
the tubes used in this thyratron motor are identical to those used by 
the hundreds in thyratron control of seam welding during the past 
few years. In this welding-control application, the tubes have given 
satisfactory life and the nature of failure "‘cathode heater burned 
open,” which is listed as the most common cause of failure in table I, 
has been absent. Careful analysis ,of this “cathode heater burned 
open” indicates that it is basically a mechanical breakage of a welded 
connection. 

On the basis of all known factors, this thyratron-motor application 
represents less severe service on the tubes than that encountered in 
welding-control practice. Certainly the failure of welds, which com¬ 
monly results from frequent intermittent operation and marked 
mechanical vibration, is absent in.welding control. However, the 
fact remains that such failures did occur to an abnormal degree and, 
therefore, there must have been a special contributing factor in this 
thyratron-motor cubicle, which was probably a mechanical vibra¬ 
tion of some unsuspected frequency. This might have originated 
either from the machinery in the vicinity or connected with the ac¬ 
tual operation of the cubicle controls. A very simple and minor 
change in this small welded connection appears to have entirely elimi¬ 
nated this difficulty. 


A paper on such unpredictable occurrences in other electrical fields, 
in addition to those that have been encountered from time to time in 
connection with tube applications, would undoubtedly prove inter¬ 
esting reading. Often first-class detective work is essential to get at 
the bottom of such unforseen combinations of factors. 

Philip Sporn (American Gas and Electric Service Corporation, New 
York, N. Y.): The thyratron motor, like many other tube applica¬ 
tions that have been developed in the past decade, again demon¬ 
strates the ease with which the solution of problems involving 
variation in flow of current for the obtaining of proper equipment 
characteristics, whether they be voltage, torque, speed, or related 
quantities, can be obtained by the use of electronic devices. The 
operating experience cited by Mr. Beiler clearly shows that every¬ 
thing expected in the way of performance at the time the application 
was first developed has been attained in practice. However, it also 
strikingly brings out the one serious weakness of electron tubes— 
their short life—due mainly to the lack of sufficient experience in the 
building of tubes, particularly those carrying fairly heavy current. 
I have on other occasions pointed out that until we get to the point 
where engineers begin using these tubes in quantity, we cannot ex¬ 
pect major improvements either in cost reduction or in the qualities 
of reliability and life comparable to that attained with other more 
standard classes of equipment. The experience with the tubes on the 
motor again demonstrates this; further it shows that the causes of 
the difficulties can in most cases be determined and having been 
determined, remedies worked out. However, what there is lack¬ 
ing is the integration of sufficiently extensive experience under suffi¬ 
ciently varying conditions. Given that experience there is no reason 
why this one problem in tube applications cannot be solved. 

A. H. Beiler: Mr. Sporn’s point about additional experience being 
required with electronic control is well taken. It is natural for 
central station engineers to hesitate before applying such control 
to large power station auxiliaries, but once the ice is broken there 
should soon be available sufficient data to furnish clues for the de¬ 
tective work which Mr. White mentions. 

Regarding Mr. White’s other comments, it is possible that the 
shocks incident to removing and replacing cells in the cubicle may be 
partially responsible for the cathode-heater breakages, but I cannot 
help but feel that a contributing cause may be some at present ob¬ 
scure phenomenon associated with this particular application of 
thyratron tubes. Perhaps studies of the effects of commutation 
may shed additional light on this problem. 

Mechanical vibration from an unsuspected frequency as suggested 
by Mr. White is a possibility. However, in view of the fact that the 
motor and its draft fan are the only rotating apparatus anywhere near 
the cubicle and that they run very smoothly this appears as a rather 
unlikely explanation. Within the next year there should be evidence 
indicating whether the new method of connecting the cathode heater 
has been really effective. 
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Test and Operation of Petersen Coil on 100-Kv System 
of Public Service Company of Colorado 

By W. D. HARDAWAY W. W. LEWIS 

MEMBER AIEE MEMBER AiEE 


T HE HISTORIC Shoshone-Denver transmission line of 
the Public Service Company of Colorado connects the 
Shoshone Hydro Plant with Denver and serves im¬ 
portant loads in the Leadville and Idaho Springs districts 
in Colorado (figure 1). The line traverses mountainous 
country for most of its length, crosses the Continental 
Divide three times (figure 2), and is badly exposed to 
lightning. The design and construction work on the line 
was begun in 1906 and 1907, making this line the pioneer 
in its voltage class. Conductor spacing and tower clear¬ 
ances are very close in comparison with modem standards, 
and although progressive improvements have been made, 
the operating record of the line shows an average of 60 
tripouts per year, of which 42 are chargeable to lightning. 

Tapping this line at Leadville is a wood pole H-frame 
line supplying the Climax Molybdenum Company at 
Fremont Pass and the Empire Zinc Company at Gilman. 
Since this line is an integral part of the Shoshone-Denver 
system, operating records of both lines have been added to 
give the performance record shown in table VI, and the 
combined five-year average is 69.8 tripouts per year, of 
which 50.8 are chargeable to lightning. 

The Shoshone-Denver line is a single-circuit line ap¬ 
proximately 154 miles long with conductors horizontally 
arranged on steel towers. The conductors vary in size 
from 1/0 to 4/0 and are spaced 10 feet 4 X A inches to 10 
feet 8 inches apart. A short section at the Denver end 
(2.22 miles) is on wood H-frames with 12-foot conductor 
spacing. The Leadville-Gilman tap, 30.5 miles long, is 
on wood H-frames with 13-foot conductor spacing. The 
average height of the conductors at the towers is approxi¬ 
mately 40 feet. The line has no overhead ground wires 
with the exception of the 2.22 miles of H-frame line at 
the Denver end, which has one overhead ground wire. 

Transpositions in both the Shoshone and Gilman lines 
are irregular, and were installed to accommodate oc¬ 
casional telephone parallels, rather than to balance charg- 

Paper number 37-100, recommended by the AIEE committee on protective 
devices, and presented for oral discussion at the AIEE winter convention, New 
York, N. Y., January 24-28, 1938. Manuscript submitted October 6, 1937; 
made available for preprinting December 3, 1937. 

W. D„ Hardaway is superintendent, hydroelectrical production and trans¬ 
mission, Public Service Company of Colorado, Denver; W. W. Lewis is elec¬ 
trical engineer, central station department, General Electric Company, Sche- 
necta4y, N. Y. 

4. For all numbered references, see list at end of paper. 


ing current. For example, one conductor of the Shoshone 
line occupies the center position for 68 of the total 154 
miles of line. 

During recent years rapid growth of the mining load 
in the Leadville and Idaho Springs areas, served by these 
lines, has thoroughly justified steps toward improvement 
in service. The two obvious methods, overhead ground 
wires with effective tower grounding, or expulsion pro¬ 
tective gaps, were investigated, but did not appear to 
apply, due to limitations imposed by the design of the 
existing towers. The additional structural loading of 
overhead ground wires appeared excessive, and the close 
tower clearances made successful application of expulsion 
gaps very difficult. The installation of a Petersen coil 

GILMAN 



appeared to be a possible solution, and was particularly 
attractive as its cost estimated at considerably less than 
that of either ground wires or gaps. 

One apparent difficulty was that the line operates nor¬ 
mally with appreciable corona loss, as the conductor is 
relatively small and the average elevation above sea level 
is 9,000 feet, with portions exceeding 13,000 feet (figure 
2). Corona loss current, of course, is not compensated 
for by the coil. Also it was believed that the coil should 
be located at the center of the line to provide more ac¬ 
curate average tuning for faults at any point. The only 
neutral transformer point available was at Shoshone at 
the end of the line, so the cost of a grounding bank for 
intermediate location at Leadville or Dillon would have 
materially increased the cost of the project. Another 
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difficulty lay in the horizontal configuration of the line, normal suspension-string flashover distance from 30 
close conductor spacing, low insulation levels, and high inches to 38 inches, also a relatively inexpensive scheme 
tower-footing resistance, all of which tended to produce of tower grounding or counterpoise was devised which 
multiple conductor lightning flashover, rather than single would greatly reduce tower-footing resistances, and thereby 
phase-to-ground faults which could be handled by the the number of multiple-phase flashovers. 
co fl Under these conditions it appeared that a Petersen coil 

However, operating experience of the Consumers Power might initially quench up to 50 per cent of line flashovers, 
Company installation, 4 with heavier corona current than with the possibility of ha n d ling 75 per cent of the faults 
appeared probable on the Shoshone line, indicated that after the tower grounding and reinsulation work were 
the corona problem was not particularly serious. Also, completed. This was definitely economic, as no other 
the Maine tests and Hunter’s theoretical work, 8 indicated scheme available approached this percentage of service 
that a coil tuned for a fault at any point on a line would improvement per dollar of investment, 
be in tune for faults at all other points on the line. This 

knowledge then permitted the selection of Shoshone for Description of Petersen Coil 
the coil location. 

The problem of multiple-conductor flashovers still re- In the fall of 1936 some tests were made with the neutral 
mained. Operating records were not very definite, but isolated at Shoshone. A fault was placed on one conduc- 
indicated that somewhat more than 50 per cent of the tor at Denver, each phase being grounded in turn, and 
faults relayed out as phase-to-phase troubles. It ap- the average of the three readings gave 123 amperes to 
peared probable that some of these originated single ground at 95,000 volts line-to-line. With one conductor 
phase-to-ground and developed into phase-to-phase faults grounded at Leadville the charging current to ground 
before tripping. It appeared, therefore,. that the coil was about 138 amperes at 95,000 volts line-to-line. 
would have a chance to extinguish some 50 per cent of the Finally, a test was made on the Shoshone-Leadville section 
faults, and the installation appeared to be worth while isolated from the remainder of the system. Extrapolating 
on this basis. Furthermore, work was already under way the results for the whole system gave 101 amperes charg- 
on recohductoring and reinsulating portions of the line ing current to ground at 95,000 volts line-to-line. 
for mechanical reliability, which permitted increasing the The Petersen coil as finally designed was rated 193 
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amperes for 10 minutes. The arrangement of the wind¬ 
ings is such that there is practically a uniform voltage 
distribution throughout during transient conditions. The 
coil is insulated for the standard high potential and im¬ 
pulse tests for the 69-kv class (leg voltage of 115 kv). 
A shunting Thyrite resistor is installed inside the tank 
and designed to limit transient overvoltages to a safe 
value for the coil insulation. 

Figure 3 shows schematically the arrangement of the 
coil and shunting Thyrite resistor. Ten taps are provided 
on a ratio adjuster for tuning and to take care of con¬ 
templated future extensions of the line, also disconnection 
of portions of the present line for maintenance. 

Table I gives the approximate reactance values for the 
various taps, also the current rating for the three terminal 
tap connections. Based on an assumed value of 120 
amperes for the present line from the preliminary tests 
previously mentioned, the coil will take care of a range 
of line from approximately 100 miles on the 855-ohm tap 
to 300 miles on the 285-ohm tap. 

Figure 4 is an exterior view of the coil, showing the 
handwheel for adjusting the taps. Figure 5 is an interior 
view, showing the assembled core and coils and the shunt¬ 
ing Thyrite resistor. 

The coil was received in April 1937, and installed as 
shown in figure 1. It will be noted that the coil is in¬ 
stalled with a stick-operated disconnect for isolation, and 
with a motor-operated air-break switch for by-passing 
the coil and solidly grounding the neutral. Although 
not so equipped initially, this motor-operated switch is 
now equipped with a timing relay which automatically 
closes the switch at the end of the pre-set time interval 
(approximately three minutes). The timer is controlled 
by a current relay in the Petersen coillead, so that phase-to- 
ground faults not cleared by Petersen coil action are, at 
the end of three minutes, converted into single phase 
short circuits and the faulty section is relayed out. 

During the period of April 21 to May 1 tuning and 
other tests were made on the system with the Petersen 
coil in circuit. 

Tuning Tests 

Figure 1 is a one-line diagram of the system as normally 
All of the tests unless otherwise stated were 
made with this connection. 

The coil was adjusted or tuned with the system in two 

Tablet. Petewen-Coil Taps 


Figure 3. Sche¬ 
matic arrangement 
of coil, showing 
taps and shunting 
Thyrite resistor 




different ways: First, with no grounds on the conductors. 
In this case the ohms were varied and the amperes through 
the coil read on an ammeter. When the coil and system 
are in tune, the amperes are maximum. The amperes 
flow by virtue of a residual voltage caused by the un¬ 
balance in the capacitance of the three conductors to 
ground. The circuit consisting of the residual voltage, 
the coil reactance, and the capacity reactance of the sys¬ 
tem constitutes a series resonant circuit when in tune 
(figure 6a). 

Second, with a ground on one conductor, the ohms of 
the coil are varied and the amperes read at the line fault. 
When the coil and system are in tune, the amperes are 
a minimum , and in fact would approach zero if there were 
no resistance, leakage, or corona loss. The circuit con¬ 
sisting of the line-to-neutral voltage, the fault, the Peter- 
sen-coil reactance, and the capacity reactance of the sys- 


Table II. Tuning Petersen Coil With No Grounds on 
Conductors 


Tap 

Ohms 

Petersen Coil 
Amperes 

Petersen Coil 
Volts 

Product 
Ohms X 
Amperes 

T 

RK6 ... 

, 11 . t . 0-5 ..... 

_; 675.... 


II 

7An .._ 


. 760.... 


III 

675_ 

. 

. 986.... 


TV 

A9.n - * - 

.1.92. 

.1,250.... 


y 

670-..- 


.1,870.... 


inr 

.515.... 

.4.9. 



irTT 

AAA -. - 

• • • •. .8.15.. •.. 



triTT 

AAO .- - 

.2.25..... 



IT 

Ain..- - 

•.. • • .1.7 • • •.. 



X..... 


.1.4. 




Petersen coll terminal on tap I. 


Tap Terminal Tap I Terminal Tap n Terminal Tap IH 

Number O hms Amperes Ohms Amperes Ohms Amperes 


I... 

...855... 

.. 64.3... 

...794... 

... 69.3. 

II... 

...740... 

... 74.3... 

...705... 

... 78.1 

III... 

...675... 

.. 81.5... 

...640... 

... 86.0 

IV... 

...620... 

.. 88.8... 

...587... 

... 93.7 

V... 

...570... 

.. 96.5... 

...530... 

. .403.8 

VI... 

...515... 

..106.8... 

...475... 

...115.7 

VII... 

...468... 

..117.5... 

...425 ..• 

...129.4 

VIII... 

...440... 

..125.0... 

...395... 

. . .139.2 

IX... 

...410... 

..134.1... 

...367... 

...150.0 

X... 

...890... 

..141.0... 

...338... 

...162.6 


738.. 

... 74.5 

663.. 

... 83.0 

602.. 

... 91.3 

547.. 

...100.5 

485.. 

.. >113.3 

.431.. 

...127.5 

.382.. 

...144.0 

.347.. 

...158.5 

.312.. 

...176.4 

.285.. 

...193.0 


tern constitute a shunt or a multiple resonant circuit when 
in tune (figure 66). 

Tuning Tests With No Grounds on Conductors 

In this test the total system was in circuit with Petersen- 
coil tap I connected to the line. The ohms were varied 
through taps I to X, and the current in the coil was read 
on an ammeter. 
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Figure 4. Exterior 
view of Petersen 
coil, showing 
hand wheel for 
adjusting taps 


Table V. Insulator Flashover at Denver Terminal 






Amperes 




Petersen 

Fault 

Fault 


Test 

Insulator 

Coil 

Duration 

Crest by 


Number 

String 

Tap 

(Cycles) 

<5 


16-1 .... 

... 5 Hewlett.. 

.VII... 

.... 54... 

....154. 

.. 2d loop 



31. 

. .30th cycle 

16-2 .... 

. . .7 Hewlett.. 


.,..267*.. 

....260. 

., 1st loop 



31. 

.. 30th cycle 

16-3 ... 

.. .7 Hewlett.. 


.... 48... 

....142. 

. 2d loop 



31. 

.. 30th cycle 

16-4 ... 

. ..8 Hewlett.. 

.VII.,. 

.... 57... 

.148.. 

.. 2d loop 



31. 

.. 30th cycle 

16-5 ... 

. . .7 Hewlett.. 

..... VI... 

.... 56... 

....222. 

.. 1st loop 



31. 

. ,30th cycle 

16—6 ... 

.. .7 Hewlett.. 

. V... 

.... 83... 

. 179 . 

.. 2d loop 



43 . 

.. 30th cycle 

16-7 ... 

.. .7 Hewlett. . 

. VII.. . 

... .Fuse blew in oscillograph control 



circuit 


16-8 ... 

. . .7 Hewlett.. 

.VII... 

. .. .840.. 

. 74 . 

.. 2d loop 



37 . 

. ,30th cycle 

16-9 ... 

. ..7 Hewlett. . 

. VI... 

.... 57.. 

. 266 . 

.. 1st loop 



31 . 

.. 30th cycle 

16-10. .. 


IX.. . 

_322. . 


.. Off scale 

♦ , « / newicu ♦ • 



37 . 

. .30th cycle 


7 Hpwlatt 

_IV... 

.272. . 

. 222 . 

.. 2d loop 

AO—IX. .. 

, i • » 1 XiCVY Iw i. t* • * 



56..... 

.. 30th cycle 


♦ Opened by breaker. 

Insulator string in test 16-4 dead end, in other tests suspension. 
Petersen-coil terminal on tap I. 


Table II and figure 7 give the results of the tuning 
tests with no grounds on conductors. In this test the 
maximum current was obtained on tap VI. 

Toning Tests With Ground on One Conductor 

In these tests a ground was made on one conductor and 
the current in the fault read while the ohms of the Petersen 

Table III. Tuning Petersen Coil With One Conductor 
(West Phase) Grounded at Denver 


coil were varied. Two sets of tests were made, one with 
a ground at Denver and one with a ground at LeadviUe. 

Ground at . Denver. In this test a ground was placed 
on the west phase at Denver by means of the transfer 
bus and an oil circuit breaker. The Petersen-coil ohms 
were varied and the current at the fault .measured. The 
data are given in table III and plotted on figure 8. 

~M~;-mmnm current of about 22 amperes root mean 
square is obtained on tap VII, but the tuning is rather 
broad, taps VI and VIII giving only a slightly larger 
residual current. 


Fault Initial Fault 
Current Current Product 

at Denver From Ohms 

Petersen (Root-Mean- Oscillograph X 

Coil Square (Crest Petersen 

Tap Ohms Amperes Amperes) Amperes) Coil Amperes 


IV.... 

....620.... 

... 76.. 

.34.3.. 

.132.... 

... .47,100 

V.... 

....570.... 

... 83.. 

27.2.. 

.123... 

... .47,300 

VI 

, .515.... 

... 90. 

.23.1.. 


.. ..46,350 

VII, 

_ 458 _ 

... 96.. 

.21.6.. 

..126_ 

_44,900 

VIII;.»• 

_440_ 

...101.. 

.23.1.. 

......126.,.. 

_44,500 

IX.. 1. 

*1!.410.... 

...107.. 

.29.0.. 

. 83.... 

....43,900 


Petersen-coil terminal on tap I. 


Table IV. Tuning Petersen Coil With East Conductor on 
Gilman Tap Grounded at Leadville 


Ungrounded Product Ohms 
Petersen Fault Phase X 

Coil Current Kilovolts Petersen Coil 

Tap Ohms Amperes (Amperes) at Denver* Amperes 


III. ,.675. 71..39 .55.9-103.4...... .47,900 

IV. ..620....... 75..33 ..56.0-102.5...... .46,500 

V.570... 83...27 . 56.0-102,1...47,300 

VI......'515... 90.23 .....46,350 

VII.468. 98...... .22.1....46,300 

VIII..;440..105... ....24.1... V. .46,200 

IX....,.410...113.29.5.56.7- 99.4...... ,46,350 

X,.390.120........36 .. .....56.5- 99.0.... ...46,800 


* First reading before conductor grounded and second after conductor grounded. 
Petersen coil terminal on tap I. 


Figure 5. Interior 
view of Petersen 
coil, showing as¬ 
sembled core and 
coils and shunting 
Thyrite resistor 
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Figure 6 (left). Equivalent circuits for F| 9 ure 8 - Tuning curve with ground on 
tuning of Petersen coil one conductor at Denver 

(a) No grounds on conductors 

(b) Ground on one conductor 


Conductor Grounded at Leadville. For this test the 
line connections were as shown in figure 9. The conductor 
was grounded at point G. The data are given in table 
IV and are plotted in curve form on figure 10. Here 
again the minimum current is obtained on tap VII and is 
about 22 amperes. 

Arcing Tests 

Several sets of arcing tests were made at Shoshone, 
Leadville, and Denver with the Petersen coil in service. 
Of these the most interesting were the tests with expulsion 
protective gaps at Leadville and the insulator flashover 
tests at Denver. 

Conductor Grounded Through Expulsion 
Protective Gaps 

A series of arcing tests was made at Leadville using three 
115-kv expulsion protective gaps of different bore. 

The line connections were as shown in figure 9. The 
Leadville-Gilman line was connected to the main Lead- 
ville-Denver line at Robison switch rack. The Leadville- 


Gilman line was opened toward Leadville at Climax. 
This allowed the Climax and Gilman loads to be fed 
from the main line and gave a stub line from Leadville 
to Climax controlled through a breaker at Leadville for 
testing. 

The tests were made at the first structure out of the 
Leadville substation on the stub line. This is a three-pole, 
wood dead-end structure. 

The external gaps were set at approximately 13 inches 
and a fuse wire was placed across the external gap and 
through the tube of the expulsion protective gap. The 
Gilman line oil circuit breaker was then closed, thus 
throwing a fault on the east conductor at the point G 
through the expulsion protective gap. 

Five tests were made on large-, medium-, and small¬ 
bore tubes with various settings of the Petersen-coil taps. 
In four tests the arc was extinguished in 0.5 cycle or less 
and in the remaining test in two cycles. In all cases the 
current interrupted was considerably under the minimum 
rating of the tube. In general the arc and the report 
were rather mild. Figure 11 is one of the oscillograms 
taken during these tests. 


fable VI. Tripout end Flashover Record of the Shoshone-Denver Line for Five Years 1932-1936 Inclusive, and 

Portion of 1937 


May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Total 

. 6.4., 

, 7.6.. 

.26.8. 

..15.4.. 

. 3.0.. 

. 1.4. 

..1.2. 

.1.0.. 

.69.8 

4 .. 

. 7.0.. 

.24.4. 

..14.0.. 

. 1.2 .. 

. 0 . 

..0.2. 

.0 .. 

.50.8 

.10 ., 

.. 8 

. 8 , 

.. 2 .. 

. 0 .. 

.. 1 .... 




. 0* .. 

,, 7* .. 

.14 . 

.,10 .. 

'. 3 .. 

.. 1 . 




..10* . 

..15*., 

.22 . 

,.12. 

.. 3 . 

.. 2 . 




. 0* . . 

.47* .. 

.64 . 

.83 .. 

.100 

, .50 . 





erage number of tripouts, Shoshone-Denver line and Gilman tap, 
rears 1932-1936, includve.............................. i♦ ♦ 

rtion of above caused by lightning......................;....... 

ipouts, 1937...... .»♦ *..•■••••• • * - * * 

tersen-coil operations, 1937.. •. ............... . . . i... i......»*•' 

tal flashovers, 1937........ ... . . ... ..... ... ... . y . • • * • • • • 

f cent of flashovers extinguished by Petersen-coil operation.,. ♦....... 
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Insulator FlaIshovbrs at Denver 

At Denver terminal one five-unit suspension string, 
one seven-unit suspension string, and one eight-unit 
strain string were set up and arranged so that they 
could be thrown onto the transfer bus by means of an oil 
circuit breaker. Fuse wire was placed across the string 
to ground and this ground fault thrown on the bus by 
the breaker. All strings were composed of Hewlett disks. 

Eleven tests were made, one on the five-unit suspension 
string, one on the eight-unit strain string, and the re¬ 
mainder on the seven-unit suspension string. This latter 
string has been adopted as standard for the sections 
of the Shoshone-Denver line which are being recon- 
ductored. 

The tests on the five- and eight-unit strings were made 
with the Petersen coil on tap VII. The tests on the seven- 
unit string were made with various taps on the Petersen 
coil ranging from IV to IX. Table V gives the important 
data in regard to these tests. 

Figure 12 shows the arc on the five-unit suspension 
string, with the Petersen coil on tap VII. The arc lasted 
64 cycles. The exposure was for the full duration of the 
arc. 

Figure 13 shows a one-fiftieth-second exposure of a 
typical arc over the seven-unit suspension string. In 
this particular test the Petersen coil was on tap V and 
the arc lasted 83 cycles. 

During these tests there was practically no wind 


GILMAN 



Figure 9. Line connections for arcing and tuning tests at 
Leadville 
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Figure 10. Tun¬ 
ing curve with 
ground on one 
conductor a t 
Leadville 



Figure 11. Oscillogram taken at Leadville during operation 
of expulsion protective gap with Petersen coil on tap I 


Figure 12. Flash- 
over of five-unit 
suspension string 
at Denver. Peter¬ 
sen coil on tap 
VII (test 16-1). 
Exposure for full 
duration of arc 



blowing. The small current in the arc would cause very 
little heating and consequent blowing and elongation of 
the arc. It is probable that these two circumstances 
together allowed the arc to persist from three-fourths 
of a second to 14 seconds in one case. Under lightning 
conditions there will usually be a wind, and the arc 
will probably snap out on an average in less time than 
in some of the tests. 

An examination of the insulator units showed no 
damage to the porcelain or hardware as a result of these 
tests. There was no noticeable effect on the station 
lights nor any disturbance on the system with the excep¬ 
tion of the ground-return telegraph circuit, which par¬ 
allels the transmission line on the same right of way. 
This was disturbed in all of the arcing and tuning tests by 
induced voltage and circulating current. Figure 14 is 
a typical oscillogram taken during these tests. 

Operating Experience 

The coil was placed in service on May 1, 1937. From 
this date until July 1 may be considered as a period of 
pr elimin ary operation. During this time unsuccessful at¬ 
tempts were made to work out relaying ideas at Leadville. 
It was hoped that an arrangement could be made which 
would select the faulty section of line and start a timer, 
which would disconnect the faulty section if the ground 
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fault proved to be permanent, and was not cleared by 
Petersen-coil action. This idea proved not feasible with 
the equipment available, and was abandoned after some 
tests. Also, later operation has indicated that such a 
set-up, even if successful, would be of doubtful value, as 
the number of cases of trouble not cleared by coil action 
or normal phase relaying will probably be less than one 
per year. 

An attempt was then made to arrange the ground relay¬ 
ing at LeadviUe so that it would be inoperative while 
the coil was in service but would be operative with the 
coil by-passed and the Shoshone neutral solidly grounded. 
This was readily successful on the Denver breaker at 
Leadville, but the relays on the Shoshone breakers there 
gave so many faulty operations that they are now kept 
blocked in normal operation and are manually made opera¬ 
tive only when the Petersen coil is by-passed. 

During the period of preliminary operation weak 
points on the system insulation were being discovered 
and eliminated. Two such cases involved flashovers on 
the Leadville transformers, which resulted in erratic 
relaying and interruptions. 

By the first of July these difficulties were fairly well 
ironed out and the operation since then appears to be 
normal. It should be noted, however, that reconductor- 
ing, reinsulation, and tower-grounding work on the line 


has been progressing, and no doubt affects the operating 
results. 

Coil operation has been detected by a recording ammeter 
in the coil lead at Shoshone, by an automatic oscillograph 
at the Denver terminal, and by the effect of the com¬ 
munication circuit which closely parallels the transmission 
line. 

For reasons which are not entirely clear, coil operation 
in service has been much faster than its performance in 
the staged tests, and it seems probable that some success¬ 
ful operations dining the preliminary period passed un¬ 
noticed. 

It has not been possible to keep the oscillograph on this 
duty continuously and some records have been missed. 
Oscillograms have been obtained of 21 operations. The 
duration of the arc ranged from 2 cycles to 216 cycles, 
and averaged 40 cycles. 

Since July 1 all breaker operations, with one exception, 
have indicated as phase-to-phase or multiple phase-to- 
ground faults. The exception was a five-disk insulator¬ 
string failure within an indoor substation. This arc 
maintained for three minutes, then the Petersen coil was 
by-passed and the faulted section relayed out. All other 
single phase-to-ground arcs have been quenched by Peter¬ 
sen-coil action, without system disturbance. 

The shock to the system at the time of coil operation is 
only that caused by the sudden increase in corona loss, 
two to three thousand kilowatts, and is negligible. How- 



Figure 13. Flash- ever, the private telephone and telegraph circuit which is 
over of seven-unit on the same right of way with the transmission line, 
suspension string becomes noisy and inoperative during the period of arcing, 
at Denver. Peter- None of the oscillograms obtained have recorded line- 
sen coil on tap V to-ground voltages in excess of normal line-to-line voltage, 
(test 16-6). Ex- Table VI gives a summary of the tripout data on the 
posureone-fiftieth Shoshone-Denver and Leadville-Gilman lines for the 
second years 1932 to 1936 inclusive; also the tripout and flash- 
over record for 1937, during a portion of which the Peter¬ 
sen coil has been in operation. Between July 1 and No¬ 
vember 1 the coil extinguished 28 out of 39 flashovers, or 
about 72 per cent, without circuit-breaker operation. The 
tripout in October was caused by a two-phase short 
circuit, no ground current being indicated. The fault 
was attributed to wet snow unloading and crossing the 
conductors at a transposition tower. 

Conclusions 

1. The Petersen coil and system were tuned by two different 
methods: (a) no grounds on conductors, varying coil ohms, and 



Figure 14. Oscillogram taken during flasbover af seven-unit 
suspension string at Denver (test 16—3). Petersen coil on 


reading current through coil, and (&) ground on one conductor, 
varying coil ohms, and reading current at fault. Theoretically 
these two methods should give tuning on the same tap. Practically 
the second method sometimes requires lower ohms, because more 
coil current is required to balance the ground current, which is in 
excess of normal under this condition. The excess ground current 
is caused by increased capacitance due to corona, the corona current 
itself> and the harmonics in the charging current. 

2. With one conductor grounded, tuning was on the same coil 
tap for a line ground at Denver and a line ground at Leadville. 
This confirms the conclusion reached after the Maine tuning tests, 
namely, that tuning would be the same for line ground at any point 


tap VII on the system. 
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3. The actual charging current at the fault was not measured 
during any of the tests. Assuming that it is approximately equal 
to the Petersen-coil current measured with a fault on one conduc¬ 
tor, this will be about 97 amperes. This is about 1.65 times the 
calculated normal charging current of the system. 

4. The Petersen-coil current with a ground at Denver and one 
at Leadville measured about the same (96 and 98 amperes respec¬ 
tively). Theoretically the current with ground at Denver should 
be considerably smaller on account of the increased line reactance. 
Voltage conditions at various parts of the system may have been 
sufficiently different during the two tests to equalize the Petersen- 
coil current. 

5. The combination of Petersen coil and expulsion protective 
gap proved to be very fast and positive. In four out of five tests 
the duration of the fault did not exceed one-half cycle, although the 
current interrupted was only a fraction of the minimum rating of 
the tube. This combination may be valuable in locations where 
numerous line-to-line faults are experienced. 

6. In the arcing tests over insulators, all arcs were successfully 
extinguished by the Petersen coil (one fault was removed by breaker 
at the end of four seconds). Time to extinguish the arc varied from 
47 to 840 cycles. Air conditions were very quiet during some of the 
tests. The operating record indicates that during lightning condi¬ 
tions, there is usually sufficient wind to snap the arc out much quicker 
than in some of the tests. The observed average arcing time of 21 
operations was 40 cycles, 

7. The coil has been in service since May 1, 1937. In the first 
two months operation, trouble was experienced with faulty relay 
operation and breakdown of weak points in the system. In the fol¬ 
lowing four months, the coil operated successfully to extinguish 
all single-phase-to-ground flashovers with one exception. The per¬ 
centage of all flashovers extinguished by Petersen-coil operation in 
these four months averaged approximately 72 per cent. 

References to 

American Literature on Petersen Coils 


There has been occasional skepticism regarding the reliability of 
the magnetic oscillograph for work of this sort, i.e., the recording 
of dynamic overvoltages at times of ground fault. Recent wor o 
this nature in which the Joint Subcommittee on Development and 
Research has been participating indicates that such skepticism is 
hardly warranted. We have been finding that the magnetic oscillo¬ 
graph, with string vibrators tuned to about 3,000 cycles per second, 
appears to be quite a dependable piece of apparatus. It has been 
found to give good checks—within a few per cent on the average 
with an automatic cathode-ray oscillograph, the tendency being ap¬ 
parently for the cathode-ray oscillograph to read slightly lower than 
the magnetic oscillograph. 

It seems surprising that the observed coil current, as reported by 
Messrs. Hardaway and Lewis, should have been as much as 65 per 
cent in excess of the calculated normal charging current of the system, 
although this observed figure checks quite well with the empirical 
rule given 2 for medium voltage systems. Using 97 amperes as the 
charging current for the 187-mile system at 95 kv line voltage, the 
direct capacitance between one phase-wire and ground figures out to 
be about 0.0084 microfarad per mile. While data for an exact calcula¬ 
tion of this capacitance from Maxwell’s coefficients are not at hand, we 
estimate, from data for a somewhat similar system, that this figure 
of 0.0084, which presumably takes account of corona capacitance, 
is not more than 20 per cent above the theoretical value, without 
allowance for corona. I would be glad to learn the authors’ views 
regarding this apparent discrepancy, which of course may have 
some simple explanation. 

We infer, from a European publication, that an allowance of 
10 per cent or so is considered about right in Europe (for a 100-kv 
system) for the various uncertain factors in capacitance calculations 
mentioned 2 exclusive of corona. 
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Discussion 


H. M. Trueblood (Bell Telephone Laboratories, Inc., New York, 
N * Y.): Mr. Hardaway and Mr. Lewis state that none of the oscillo¬ 
grams have shown line-to-ground voltages in excess of normal line- 
to-line voltage. These are presumably the 21 oscillograms from the 
automatic oscillograph at Denver, which I assume is a magnetic 
oscillograph. The period of time covered by these observations is 
of course rather short. It is therefore interesting to recall 1 that in 
a series of 166 similar records extending over two years on one of 
the systems listed in table I of another paper, 2 the sound phase 
voltage to ground recorded by a magnetic oscillograph was less than 
normal line-to-line voltage in about 90 per cent of the cases. 


J. R. North and F. Von Voigtlander (The Commonwealth and 
Southern Corporation, Jackson, Mich.): This paper presents in a 
very concise manner the results of the tests made in connection with 
the application of a Petersen coil to a 100-kv system. It is of par¬ 
ticular interest to us in view of the similar tests and studies made in 
1931 when considering the application of Petersen coils to a Section 
of the Consumers Power Company's 140-kv isolated-neutral system. 
The Colorado and the Michigan Petersen-coil systems have some¬ 
what similar characteristics. 

The Colorado system which constitutes a total line mileage of 
about 185 miles is subject to very severe lightning exposures. It is 
located in a very high altitude, mountainous region where both the 
earth resistivity and the contact resistances are undoubtedly very 
high. The combination of these factors, coupled with the exposure 
to lightning storms of considerable intensity, probably contributes 
to the large number of trip-outs, averaging 38 trip-outs per year per 
100 line miles. With the modernization of the line by adding more 
insulation, reconductoring with larger conductors and installing 
the counterpoise in addition to the Petersen coil, the number of 
trip-outs per year ou the line should be reduced greatly. 

The method of tuning the coil with and without faults on the 
line conductors is identical with the method followed during the 
Michigan tests, and corresponding conclusions are reached. Refer¬ 
ring to our paper, "Petersen Coil Tests on 140 Kv System,” pre¬ 
sented at the winter convention in January 1934, it will be noted 
that the results of our tests definitely show that tuning of either one 
or both of the coils was not affected by the location of the fault 
nor by the particular conductor faulted. This fact Was thus demon¬ 
strated long before the Maine tests (mentioned in conclusion number 
2), although the complete mathematical proof of this fact may not 
have been worked out at that time. 

Under "Operating Experience,” the authors advised that by¬ 
passing the Petersen coil for the condition of a permanent fault, 
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thereby operating the system essentially with a solidly grounded 
neutral during this period, was successful on the Denver breaker 
at Leadville, but not on the Shoshone breaker there; therefore, the 
relays on the Shoshone breaker at Leadville are kept blocked in 
normal operation and are manually made operative only when the 
Petersen coil is by-passed. Relaying by short-circuiting the Peter¬ 
sen coil during times of sustained faults has proved quite successful 
on the 140-kv system of the Consumers Power Company so that 
some question arises as to what the limitations of this method of 
operation were found to be in the Colorado installation. Was it 
due to the fact that with a ground fault on the Shoshone line 
section the relays at Leadville would only have charging current 
from the other sections to operate them? 

It would be interesting to have explained the control for the coil 
by-passing switch and the relaying for sustained ground faults on 
the Colorado system, particularly for such faults between Leadville 
an<L Shoshone. 

The statement is also made under the heading ^Operating Experi¬ 
ence” that none of the oscillograms obtained have recorded line volt¬ 
ages in excess of normal line-to-line voltage. In order to obtain maxi¬ 
mum voltages on the system as described, with the Petersen coil 
located at Shoshone, a ground fault should be applied to one phase of 
the 100-kv system at that point, the maximum voltages appearing at 
the distant end of the line, at Denver. Test results under this con¬ 
dition of maximum voltage are not reported. Calculations which 
we have made and later substantiated by field tests show that line- 
to-ground voltages of as much as 130 per cent of normal line-to-line 
voltages cannot only be obtained, but can reasonably be expected 
in extensive systems, even though the system be equipped with a 
properly tuned saturating-core Petersen coil. 


H. P. Sleeper (Public Service Electric and Gas Company, Newark, 
J.): Why is a Petersen coil like a French telephone? Because 
it required 20 years 1 use on the Continent to introduce it to the 
country. In retrospect this seems rather odd, particularly in view 
of the excellent operating results reported abroad. On the other 
hand it should not be forgotten that the Petersen coil was tested 
experimentally in this country as long ago as 1921 and found want¬ 
ing as judged by United States standards of operation (see paper by 
Conwell and Evans, AIEE Transactions, February 1922, 
volume 41). However, the present perfected device is a far cry 
from the experimental model tested by Conwell and Evans and does 
not have the drawback of sharp tuning characteristics and the pre¬ 
dilection to series resonance of the early design. The iron core 
with its broad-top tuning curve permitting detuning of the system 
up to 25 per cent seems to have overcome the main theoretical diffi¬ 
culty. The saturation of the iron core and the presence of a surge 
suppressor across the windings prevent the propagation of high 
voltages throughout the system; this latter phenomenon being the 
most serious practical difficulty reported by the early investigators. 
But the device is not yet perfect and in spite of the glowing results 
reported by Hardaway and Lewis the time is not yet here when the 
operating engineer can prescribe the Petersen coil as an antidote 
for all ills that can befall the operation of a modern high-voltage 
power system. In this writer's opinion the reported result of 72 
per cent correct Petersen coil, operation seems op tim istically high 
and it would seem that the sample of operation in this case is yet too 
small to give accurate data which can be used generally as a criterion 
of expected operating results over the wide range of operating condi¬ 
tions presented by the various voltages, types of pole and tower line 
construction, terrain grounding conditions, and many other possible 
variables that exist here as compared with similar practice abroad. 
The problem presented by the all-wood-pole line is an admittedly 
difficult hurdle for the Petersen coil and one which will unquestion¬ 
ably reduce the per cent of effective operation of this device. That 
is not to say that the Petersen coil should not be economically ap¬ 
plicable to that type of system, but it will require the tempering 
of one's expectations of dose to 100 per cent operation for this 
device. 

However, while the Petersen coil may not be the ultimate solution, 
it does seem to the writer that it is at least the arrow that points 


the direction to a new phase of high-voltage transmission system 
operating psychology. The practice of relaying out a faulted mem¬ 
ber of a power system is a practice universally used in this country 
today and has been since such operation began. This is the doctor's 
method of cure by amputation. But surely it is more advanced 
psychology to cure the patient by palliative doses rather than by 
operation. The same psychology applies to the maintenance of 
service on power systems. Why relay out a defective unit if the 
fault can be removed without disconnecting it from service? This 
might be called the method of fault removal versus fault disconnec¬ 
tion. The superiority of the former system over the latter is un¬ 
questionable. That it cannot at this time be attained 100 per cent 
in no wise reflects on the soundness of the new psychology. Neither 
is the method of fault disconnection 100 per cent effective, and 
frequently its efficiency is zero per cent from a maintenance of 
service standpoint. Furthermore, the ultimate economic effect 
of the new method will always exceed that of the old since theoreti¬ 
cally no duplicate service is now required since no disconnections 
will occur. Of course this is a practical fallacy, but it is undeniable 
that a higher degree of service should be rendered by equal facilities, 
and an equal degree with fewer facilities. Obviously there is some 
point of economic balance to be worked out in the practical use of 
this theory. 

I don't think that the Petersen coil is by any means the ultimate 
answer in the application of this new psychology of power system 
operation. Rather it is merely a sample, or introduction. It is 
inherently limited to the problem of one-phase-to-ground faults. 
This means that its theoretical efficiency is at once limited to some 
value between 25 to 90 per cent, depending upon many factors. 
Hence, the remaining 10 to 75 per cent of faults must still resort to 
the old method of treatment, namely, fault disconnection. But is 
it beyond the bounds of conception that phase-to-phase short cir¬ 
cuits cannot be similarly treated? It is not, of course, because it is 
being done today with expulsion tubes. Hence, although it may not 
be economical, it is possible. It does not seem unreasonable to 
assume that it will be done in the not too distant future by this or 
some other means which is well within the limits of economical 
feasibility for more or less universal application. 

Looking forward a bit, it seems probably that the Petersen coil as 
we now know it will be further perfected, or maybe it will be super¬ 
seded by some brain child yet unborn. Likewise the phase-to- 
phase problem will probably be similarly solved economically by 
some perfection of existing devices or others not yet developed. 
But, whatever form they may take, it is the writer's belief that they 
will merely further justify the psychology of fault removal which has 
been demonstrated and practically effected by the Petersen coil. 
And regardless of what the form may be, or where perfected, it is 
hoped that it will not take operating engineers in this country an¬ 
other 20 years to acknowledge recognition. 


J. G. Hemstreet (Consumers Power Company, Jackson, Mich.): 
The paper by Messrs. Hardaway and Lewis, dealing with the appli¬ 
cation and operating experience of a Petersen coil on the 100-kv 
system of the Public Service Company of Colorado, is of particular 
interest to us, since the conditions are quite similar to those on the 
Petersen coil section of the Consumers Power Company's 140-kv 
system. The 100-kv system in Colorado is not quite as long as the 
Consumers coil section, nor does it operate at as high a voltage. 
Also, there are two Petersen coils in operation on the 275-mile section 
in Michigan. 

With the thought that the operating experience over a seven- 
year period with the two coils on the 140-kv system would be of 
interest and of value in this discussion, we are summarizing it in 
table I of this discussion. 

It will be noted that during the six-year period when automatic 
oscillograph records were available, 94 per cent of the line-to-ground 
faults were cleared without breaker, operation, whereas only four 
per cent of the short-circuit faults were cleared without br eak er 
operation. Of the total faults, both during the six-year period and 
also throughout the total period of seven years, 72 per cent of all 
types of faults have been cleared without breaker operation and 
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Table I. Petersen Coil Operation on Consumers Power 
Company's System 


Six-Year Period, 





1931 to 1936, 

Sept. 24, 




Inclusive. 

1936, to 

Seven-Year 

With Automatic 

Dec. 31, 

Period 


Oscillograph 

1937 

Through 1937 

Number Per Cent (Number) Number Per Cent 

Number, of faults 






Due to: Lightning. 

.219... 

.. .88... . 

...44. 

..263. 

.85 

Sleet * - - ■ 

3_ 

... 1_ 

. .. 1. 

.. 4. 



28... , 

,..11 _ 

... 14. 

.. 42. 

.14 


250... 


...59. 

..309 


Line-to-ground faults. 

.129 





Cleared without breaker operation 

.i21... 

.. .94 




Cleared with breaker operation... 

. 8... 

...6 




Short circuits... 

. 45 





Cleared without breaker operation 

. 2... 

... 4 




Cleared with breaker operation... 

. 43... 

.. .96 




Not definitely determined. 

. 76 





Cleared without breaker operation 

. 58... 

.. .76 




Cleared with breaker operation.,. 

. 18... 

.. .24 




Totals all types..*. 

.250... 

. 

...59. 

..309 


Cleared without breaker operation. 181... 

...72.... 

...42. 

. .223. 

...«.72 

Cleared with breaker operation... 

. 69... 

.. .28.... 

...17. 

.. 86. 



only 28 per cent required automatic sectionalizing of the faulted 
section. 

It is interesting to see that this 72 per cent is the same as the ex¬ 
perience in Colorado, as indicated in the paragraph immediately 
preceding the heading “Conclusions” of the paper by Messrs. Harda¬ 
way and Lewis. 

We should also like to point out that during our tests, some of 
the arcs persisted for a considerable period. The actual operating 
experience with the Petersen coils has been somewhat better than 
that obtained during the field tests. 

W. C. DuVall (University of Colorado, Boulder): In company with 
Professors Palmer and Eastom of the electrical engineering staff 
of the University of Colorado, I had the pleasure of witnessing the 
retuning of the Petersen coil of the Public Service Company of 
Colorado on the night of January 9, 1938, 

Jf one witnessed this with the idea of seeing a spectacle, keen 
disappointment was in store; however, if it was viewed as an engi¬ 
neering achievement it was a keen delight. An arc that lasts for 
only two cycles is not much to see. I feel that enough has not been 
said about the slow recovery voltage of the faulted conductor. 
Oscillograms show that it takes about ten cycles for the voltage to 
reach normal. This gives ample time for the ionized air to dis¬ 
sipate and the insulation to recover to its normal value before normal 
voltage is reached! This slow recovery is inherent with the Petersen 
coil and seems to have its maximum time of recovery for the point 
of sharp tuning. 

in the case of the Public Service Company tuning was found to 
be on tap number 6. Oscillograms taken between the faulted con¬ 
ductor and ground on taps above and below number 6 showed an oscil¬ 
lation, one beat was present. On taps number 5 and number 8 Ike 
voltage was found to pass through normal at about one cycle in¬ 
creasing and reaching a maximum overshoot at about three cycles, 
then decay and reach normal voltage in about ten cycles. This 
overshooting, or oscillation, is not present for sharp tuning. By 
using an automatic oscillograph and finding the tap that produces 
no beat is a third method of tuning and is probably the most accurate 
method. The reasons for this slow recovery voltage and the beat 
are rather complex. In returning to normal conditions the faulted 
conductor has its potential raised from a low value (zero in most 
cases) to phase voltage, conductor to ground. The clear conductors 
have their potential lowered from line voltage to ground, to phase 


voltage to ground. The charge on the faulted conductor is raised 
from zero to normal, the charge on the sound conductors lowered 
from that produced by line-to-line voltage to that produced by 
phase voltage. 

If this automatic slow voltage recovery could be incorporated into 
into circuit breakers they could be redesigned more effectively. 
One more point: the A. E. G. Progress , April 1929, page 113, states 
that in Germany secondary cable networks of potentials as low as 
3,000 volts have been successfully protected by the Petersen coil. 
Not to protect against surges produced by lightning necessarily, 
but faults produced by accidental grounding. 

The relative cost of Petersen coils versus relays and circuit breakers 
warrants some real investigation on the application to cable net¬ 
works especially at voltages from 13,000 to 30,000. This is par¬ 
ticularly apropos in the face of some recent serious cable failures. 


R. E. Helhmmd (Westinghouse Electric and Manufacturing Com¬ 
pany, Pittsburgh, Pa.) [Editor’s Note: This discussion covers also 
“Some Engineering Features of Petersen Coils and Their Applica¬ 
tion,” E. M. Hunter, EE, Jan. ’38, Trans . p. 11-18]: Various 
grounding means, particularly the Petersen coil, were the subject 
of extended discussion at the International Conference on Large 
Electrical High-Tension Systems in Paris last June. Unquestionably 
a rather strong case was made for the Petersen coil, and as a result 
even greater use of this coil may be expected in Europe in the 
future. Although I discussed some of the solutions common in 
this country, such as grounded neutral with high-speed relays and 
breakers, the use of deion gaps on the line, and the use of quickly 
redosing breakers, it was obvious that the Petersen coil was favored 
by a large majority of those present at the meeting. However, 
regardless of this, subsequent inspection of apparatus and power 
systems did not convince me that the Petersen coil is the best solu¬ 
tion under all conditions. For example, it is difficult for me to 
believe that the addition of Petersen coils to a well-sectionalized 
double line with high-speed relay systems and high-speed breakers 
would be justified economically. This would make it necessary to 
use tr ansf ormers with a neutral fully insulated against ground, which, 
particularly in the case of tap-changing transformers, would lead 
to complicated and expensive designs. The European arrange¬ 
ments of this kind, while highly ingenious, did not impress me 
favorably as compared with the American transformer designs for 
solidly grounded neutral. 

There was also a good deal of evidence that in some applications of 
Petersen coils the problem of lightning protection by arresters leads 
to considerable difficulty. It seems that during an arc to ground, 
which according to the papers presented today may last a great 
many cycles, overvoltages occur which are hard to handle by avail¬ 
able designs of arresters. This has led to the practice of applying 
arresters with a greater margin wherever the insulating level of the 
system makes this possible. Frequently, however, the insulating 
level of European lines seems to be so low as to force dose applica¬ 
tion of lightning arresters and consequent frequent damage to arrest¬ 
ers. Neverthdess, there are a great many places, especially for medium 
voltages, where the Petersen coil can be applied to good advantage 
and its use should be given serious consideration in this country. 
As experience with the Petersen coil is accumulated for conditions 
prevailing here, a gradual increase in its use may be expected. 

J. R. Eaton (graduate student, University of Wisconsin, Madison) 
[Editor’s Note: This discussion covers also “Some Engineering 
Features of Petersen Coils and Their Application,” E. M. Hunter, 
EE, Jan.’38, Trans, p. 11-18]: Mr. Hunter, in his paper, makes 
several statements regarding arc extinction on a Petersen-coil 
system, which on first examination appear contradictory. However, 
by a more careful analysis of the factors determining fundamental 
frequency recovery voltage across the arc, the statements are found 
to be in general quite correct. Refer to figure 1 which is figure 6 
of the Lewis and Hardaway paper. Those authors have demonstrated 
that this circuit represents at least approximately the equivalent 
Petersen-coil system. It may be noted that this is a parallel reso- 


304 Transactions 


Hardaway, Lewis—Petersen Coil Operation Electrical Engineering 























nant circuit energized by a generator connected to it through an 
arc. When properly tuned, the frequency of the resonant circuit 
is equal to that of the generator. Suppose the arc were to go out 
at current zero, as it always does at least until reignition occurs. 
The recovery voltage will be zero, because the voltage between the 
arc electrodes will be zero and will theoretically remain zero indefi¬ 
nitely. That is, the resonant circuit will continue to oscillate and 
the voltage of the condenser-inductance junction would be forever 
equal to, and in phase with, that of the line-to-neutral generator. 
Suppose next, that as in figure 2, resistance Ri is inserted in series 
with X L , and R 2 in parallel with X c . When the arc goes out the 
resonant circuit will no longer oscillate indefinitely but will die 
down exponentially with time. The voltage across the electrodes 
will again be the vector sum of neutral and condenser voltages or 

e - E n sin wt - [E n sin wt]e~ at 

where a is dependent on the losses in the resonant circuit, and the 
Tate of rise of recovery voltage will be 



— = E n [w cos wt - w € - fl< cos wt + ae- at sin wt] 

At / — 0 this becomes 
de 

— = a E n sin wt 
dt 

Suppose again that the tuned circuit has a frequency slightly dif¬ 
ferent (w — b) from the generator frequency—that is, the Petersen- 
coil system is slightly out of time. At the instant the arc goes out 
at current zero, the voltage appearing across the electrodes will be 
approximately 

e = E n sin wt — [En sin (w — b) t]e~ at 

The recovery voltage is now dependent on both a and b . 

Although apparently ignored in the past, a rather complete record 
of recovery voltage appears at the end of every oscillogram showing 
a ground fault on a Petersen-coil system. It may be observed 
that following the clearing of the arc, system conditions do not return 
to normal immediately, but change gradually as the transient in 
the oscillating current dies out. As the losses in the circuit determine 
the rate of decay of the transient, it is possible to calculate from 
the rate of decay alone, the ratio of the in-phase uncompensated 
current to the quadrature compensated current. 

A study of recovery voltage on the basis of the above approach, 
shows quite strikingly that arc interruption is much more probable 
on a Petersen-coil system, whether in tune or not, than would be 
found on a simple LR or CR circuit having arc current of the same 


magnitude and phase position. Moreover, it shows that for best 
operation Petersen coils cannot be located at any point on the system 
but should be located near the major part of the system capacitance, 
rather than being tied through a long transmission line of high 
ohmic resistance. Any factor which tends to decrease the time 
constant of the oscillating system will result in higher rates of rise 
of recovery voltage and hence less probability of arc extinction. 

W. D. Hardaway and W. W. Lewis: Doctor Trueblood expresses 
surprise that the observed Petersen-coil current was as much as 65 
per cent in excess of the calculated normal charging current of the 
system. Measurements on five systems, varying in voltage from 
33 to 140 kv, have shown the ratio of Petersen-coil current to calcu¬ 
lated normal charging current to range from 1.75 to 2.15, with a 
fair average of about 1.9. The normal charging current is based on 
the capacitance to neutral, which is susceptible of fairly accurate 
calculation. The capacitance to ground is more difficult to calculate 
accurately, as it depends on the location of the ground plane, the 
presence of ground wires, the proximity of trees, the increase in 
apparent conductor diameter due to corona, etc. Tests on a 110-kv 
system consisting of one horizontal circuit with two overhead 
ground wires showed the average measured zero-sequence capaci¬ 
tance (capacitance of one conductor to ground when all three con¬ 
ductors are in multiple) to be 1.5 times the average calculated zero- 
sequence capacitance. The average measured zero-sequence capaci¬ 
tance of one vertical 110-kv circuit with one overhead ground 
wire was 1.2 times the average calculated zero-sequence capacitance. 
The calculated capacitance in this case was based on the actual 
geometrical relations at the towers, assuming the ground plane to be 
at the earth’s surface, but with no allowance for trees, connected 
apparatus, or influence of corona on conductor diameter. 

Messrs. North and Von Voigtlander asked for information as to 
the control for the Petersen coil by-passing switch and method of 
relaying for sustained ground faults, particularly between Leadville 
and Shoshone. 

The Leadville relaying, before the Petersen-coil installation, in¬ 
cluded normal directional relaying for phase-to-phase faults, which 
is of course still operative. Phase-to-ground relaying was made 
selective between the Shoshone and Denver breakers by the magni¬ 
tude of the fault current. That is, the residual or zero-phase- 
sequence current at Leadville for faults on the Denver side was much 
higher than for faults on the Shoshone side, and a satisfactory 
selectivity was obtained by blocking the Shoshone breaker trip 
when residual currents exceeded a definite value. When the current 
was below this value, a residual voltage relay was permitted to make 
a contact and trip the Shoshone breaker. 

With the Petersen coil in service, it was not possible to find cur¬ 
rent values for the blocking relays which would be inoperative 
during the successful Petersen-coil operation, but which would still 
function when the coil was by-passed. The ground relaying on the 
Denver side has continued to function satisfactorily. The phase- 
to-phase relays will trip the Shoshone breaker under the condition 
of a single-phase-to-ground fault on the Shoshone side with the 
coil by-passed, although they are slower than is desirable. 

The control of the coil by-passing switch is very simple. A cur¬ 
rent transformer in the Petersen-coil ground lead actuates an over- 
current relay, which starts a timer, set to make contact at the end of 
three minutes. The timer contact controls the closing circuit of a 
motor-operated air-break switch. Opening this switch is a manual 
operation. The performance of this air-break switch appears to 
be satisfactory, and the installation was much less expensive than 
an oil switch would have been. 

As to the question in the last paragraph of the discussion con¬ 
cerning line voltages: As there are no high-tension breakers at 
Shoshone, we were not able to make tuning or grounding tests at 
that point. However, we made tuning tests at Leadville by throw¬ 
ing a ground on one conductor and during these tests we read the 
voltage at Denver on one of the ungrounded phases. These readings 
showed that the voltage jumped from approximately 50-57 kv to 
approximately 99-103 kv. In actual operation during the summer 
of 1937, the automatic oscillograph at Denver was in service with 
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one vibrator on a potential transformer, which was connected be¬ 
tween one high-tension conductor and ground. Oscillograms of 
2 1 operations did not show any voltages in excess of normal line-to- 
line voltage, as mentioned in the paper. 

Mr. Hemstreet gives some very interesting information in regard 
to the operation of the Petersen coils on the Consumers Power 
Company’s system. In regard to his statement that the actual 
operating experience has been somewhat better as to duration of 
the arcs than obtained during staged tests, this checks with the 
Colorado experience. In the staged tests of May 1937 insulator 
strings were flashed over in 11 cases at Denver, the arcs continuing 
from 48 to 840 cycles. In a similar set of tests made at Denver in 
January of this year, consisting of ten insulator string flashovers, 
the arcs lasted from one to 688 cycles. In actual operation during 
the 1937 season in 21 cases the duration of the arc varied from two to 
216 cycles with an average of 40 cycles. The increased persistence 
of the arc during staged tests is probably partly due to metallic 
particles and vapor from the fuse wire used to start the arc. On 
the other hand, during actual operation in lightning storms there is 


Tests of May 1,1937 





Maximum Crest Voltage of 




Grounded Conductor 

Test 

Tap 

Ohms 

Before Arc 

After Arc 

16-11. 

.IV.... 


.100.. 

.123 

16-6 . 

. 

.670.... 

.100. 

.104 

• 16-9 . 

..... VI.... 

.516.... 

.100. 

.98 

16-6 . 

.VI.... 

.516.... 


.100 

16-8 ...... 

.VII.... 

.468.... 

.100...... 


16-2 . 

.VII.... 

.......468.... 

.100. 

.104 

16-1 . 

.VII.... 

..468.... 

.100. 

.104 

16-4 . 

.VII.... 

.468.... 

.100. 

.104 

16—3 . 

.VII- 

..'.468.... 

..100. 


16-10. 

_.IX_ 

.410.... 




Tests of January 9,1938 


Test 

Tap 

Ohms 

Maximum Crest Voltage of 
Grounded Conductor 

Before Arc After Arc 


_ IV. 

.620. 

.100. 

.120 

2 

V. 

.570. 

.100. 

......109 

2 A 

_ . V. 

.570. 

.100. 

.113 

a 

_ VI..... 

.516. 

.100. 

.100 

3 A. 

_ VI. 

.515. 

.100. 

.100 

7 

_ VI. 

.515. 

.100. 

.100 

4 

. . VII. 

.468. 

.100. 

.106 

5 

.. VIII. 

.440. 

.100. 


5 A . 

.VIII. 

.440..... 


.113 

6. 

.... IX. 

.410. 


.127 


usually considerable wind, while in both sets of staged tests the air 
was quiet. 

We are glad that Professor DuVall noticed and commented on the 
slow rate of recovery of the voltage at the faulted conductor and the 
overshooting when the coil is under- or over-tuned. The accompany¬ 
ing tables show the maximum crest voltage of the grounded conductor 
before and after the arc at the various taps, for the staged tests of 
May 1 and January 9. 

Plotting the values of voltage after the arc as ordinates against 
ohms or taps as abscissas, we obtain curves similar to those of figures 
8 and 9 of the paper, with the minimum points at tap VI. This 
undoubtedly indicates tap VI as the proper tap for tuning. 

A possible explanation for the oscillation and overshooting of 
the voltage of the faulted conductor after the arc breaks is contained 
in a paper by one of the authors in the section headed “Arcing 
Tests” (“The Neutral Grounding Reactor,** W. W. Lewis, AIEE 
Transactions, volume 42, April 1923, pages 417-34, or AIEE 
Lightning Reference Book , 1937, pages 77-94). 
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Discharge Currents in Distribution Arresters II 


By K. B. McEACHRON W. A. McMORRIS 

MEMBER AIEE MEMBER AIEE 


WO YEARS ago, the authors of this paper described 
to the AIEE a co-operative investigation by the 
Boston Edison Company, the Commonwealth Edison 
Company of Chicago, the Detroit Edison Company, the 
Georgia Power Company, and the General Electric Com¬ 
pany, having as its object the determination of data rela¬ 
tive to lightning discharge currents through distribution 
lightning arresters. At that time the results were based 
upon records obtained over a 13-month period from August 
1934 to August 1935, inclusive. The object of this paper 
is to present the results from August 1934 to September 
1937. 

About 1,350 installations have been made for measuring 

Table I. Distribution of Surge-Crest-Ammeter Installations 


Surge-Crest-Ammeter 

Installations 


Operating; 

Company 

Line 

Voltage 

Trans¬ 

former 

Connec¬ 

tion 

Rural 

or 

Urban 

Present 

Number 

Installa¬ 
tion, 
Years 
to Date 

Number 

of 

Records 

Obtained 

Georgia Power 







Company._ 

..120-240.. 


.Rural.. 

19.. 

.. 15.. 

.. 19 


2,300.. 

.. Delta. 

. Urban, 

37.. 

.. 70.. 

.. 72 


6,900.. 

.. Delta.. 

.Rural.. 

36.. 

.. 165.. 

.. 151 


11,500.. 

.. Delta.. 

. Rural,. 

81.. 

.. 300.. 

.. 192 


11,950.. 

..Gr. Y.. 

. Rural.. 

97.. 

.. 305.. 

.. 155 

Detroit Edison 







Company. 

... 4,800.. 

. .Delta.. 

. Urban. 

78.. 

.. 119.. 

.. 11 


4,800.. 

.. Delta.. 

.Rural., 

.. 350.. 

..1,004.. 

.. 419 


24,000.. 

..Gr. Y.. 

. Urban. 

12.. 

.. 39.. 

39 

Commonwealth 







Edison Com¬ 







pany. 

... 4,000.. 

..Gr. Y... 

. Urban . 

.. 324.. 

..1,002.. 

.. 169 


12,000.. 

..Gr. Y.. . 

.Rural.. 

20.. 

.. 39.. 

16 


20,000.. 


. Rural. . 

0 .. 

2 .. 

0 

Boston Edison 







Company, .... 

. .. 4,000.. 

..Gr. Y. .. 

. Urban. 

.. 298.. 

.. 976.. 

.. 365 





1,352.. 

..4,036.. 

..1,608 


lightning discharge currents, each installation consisting of 
two magnetic links supported by a wooden bracket, with 
the links spaced approximately three-quarters of an inch and 
two and one-eighth inches from the arrester ground lead in 
most cases. The use of two links not only permits a 
wider range of currents to be measured, but also indicates 
any reversal in the polarity of the discharge current. 1 

As described in the authors' first paper on this subject, 2 


the method of measurement used is accurate within ten 
per cent through a range from 500 amperes to 17,000 
amperes for single unidirectional waves or for damped 



Paper number 37-115, recommended by the committee on protective devices, 
and presented for oral discussion at the AIEE winter convention, New York, 
N. Y., January 24-28, 1938. Manuscript submitted October 29, 1937; made 
available for preprinting December 1, 1937. 

K. B. McEachron, and W. A. Me Morris are research engineers with the 
General Electric Company at Pittsfield, Mass, 

1. For all numbered references, see list at end of paper. 


oscUlations of the type used in making the laboratory 
calibration. Values down to 300 amperes and up to 
25,000 amperes can be estimated. 

When comparing data taken with magnetic links on 
different systems, or even on the same system, it is recog¬ 
nized that since it is impossible to be sure that link? are 
changed after each stroke, there is bound to be a certain 
amount of superposition of results, the magnetic link 
recording the highest value if there has been no change in 
polarity. With different systems, the method of servicing 
the links was somewhat different, so that in some cases 
the effects of several storms may be superimposed. The 
effort has been to change the links after each storm in so 
far as this could be done economically. 

Data concerning the four systems being studied are 
given in table I. The classification of circuits as urban or 
rural is entirely arbitrary. Those which have more than 
12 customers per mile are classed as urban, all others as 
rural. 

Results 

To secure an over-all picture of the results, it is perhaps 
best first to examine all of the data from all of the com¬ 
panies, later breaking it down for a somewhat more de- 
taUed study. 

Magnitude of Current 

Figure 1 shows the distribution of the discharges as to 
current magnitude, without respect to polarity or to the 
circuit involved. These results are based upon 1,608 
records from 4,036 installation-years. These figures 
include 95 records and 145 installation-years in which 
current to ground was measured, but not through individ¬ 
ual lightning arresters, as for instance on secondary neu¬ 
tral ground connections or in the common ground lead of 
three-phase arresters. Twelve records exceeding 25,000 
amperes were obtained. These are included in the curve, 
but since their magnitude is riot known, the curve is not 
plotted beyond 25,000 amperes. 

This curve shows that 50 per cent of the discharge 
currents through arresters may be expected to be at least 
as great as 1,300 amperes, while only 1.2 per cent may be as 
large as 20,000 amperes. Although it is rather dangerous 
to extrapolate data of this sort, it would appear that an 
occasional record of 30,000 to 40,000 might be expected. 
A more accurate measure of the duty on an arrester is 
obtained if the results from the rural and urban locations 
are considered separately. 

Polarity of Current 

In view of the work already done with respect to 
lightning currents through transmission line towers,* 
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considerable interest attaches itself to the polarity of the 
currents measured. Of the total of 1,608 records ob¬ 
tained, 1,011 were negative and 597 were positive. Based 
on the expectancy curves of figure 2, negative currents of 
5,000 and 15,000 amperes may be expected 3.7 and 3.5 
times as frequently as positive currents of the same mag¬ 
nitude. From the point of view of the performance of the 
arrester, either in protecting transformers or in keeping 
itself out of trouble, the polarity of the impulse is of no 
consequence. However, it appears to be quite firmly 
established that direct strokes of lightning reaching 
transmission line towers 8 are about 95 per cent negative, 
although the polarity of strokes to open country is be¬ 
lieved to be more evenly divided between positive and 
negative. There is laboratory evidence that the so-called 
cone of protection around a grounded point is greater 
when the point is positive than when negative. If this 
can be applied to natural lightning, negative cloud dis¬ 
charges to positive transmission lines would concentrate 
on the lines a much higher percentage of the total dis¬ 
charges than if the polarities were reversed. As the line 
becomes lower in height, the positive and negative dis¬ 
charges would approach each other in frequency of occur¬ 
rence, assuming equal numbers of positive and negative 
discharges over the terrain involved. This is of course 
somewhat of a speculation, but does seem to have some 
foundation. 

Comparison of Urban and Rural Results 

In figure 3 are plotted expectancy curves for all urban 
and all rural arrester discharge currents. These results 
indicate that the rural arrester will be called upon to dis- 


From the standpoint of duty on the arrester, these 
results indicate that one rural arrester out of 50 installed 
will discharge a current of 15,000 amperes or more each 
year, while but one out of 450 urban arresters will be 
called upon to discharge a current of 15,000 amperes or 
more in any one year. 

The number of records per installation-year for all 
arrester installations is 0.39, while the corresponding 
values for rural and urban installations are 0.51 and 0.28. 
On the basis of equal numbers of installation-years in 
rural and urban locations, 81 per cent more records of all 
current magnitudes are obtained on rural circuits. These 
values are based upon the average of the results for a large 
number of measuring locations. The severity at certain 
installations with greater than average exposure may be 
considerably greater. 

Discharge Currents Through 

Urban Neutral and Phase Arresters 

Since the magnetic-link installations in Boston are 
equally divided between six-kv phase arresters and three- 
kv or six-kv neutral arresters, a direct comparison be¬ 
tween neutral and phase arresters may be obtained from 
the Boston data. These circuits were originally installed 
as 2,400/4,160-volt three-phase four-wire ungrounded 
neutral circuits, but the neutrals have since been grounded 
without making any changes in the arresters used. One 
hundred sixty-six phase-arrester current records and 189 
neutral-arrester records were obtained. The number of 
installation-years in each case is 488, giving 0.34 records 
per installation-year for the phase arresters and 0.39 
for the neutral arresters. For all practical purposes, it 


charge a current of 500 amperes about twice as often as an can be stated that the number of records is the same; 
urban arrester; at 15,000 amperes the rural arrester must 


discharge about nine times as often as the urban arrester. 



CREST AMPERES 



0 6000 10000 15000 

CREST AMPERES 


Figure 2. Comparison of 597 positive 
and 1,101 negative records from 4,036 



0 5000 10000 15000 ' 


CREST AMPERES 

Figure 3. Comparison of 588 urban 
and 925 rural records from arrester 


Figure 1. Summary of all records 


installation-years 


ground leads 


Half of the 1,608 records were of currents of Curves show the number of years that may be Curves show the number of years that may be 

iess than 1,300 amperes. Curve shows per expected to elapse for each discharge of at expected to elapse for each discharge of at 

cent of discharges whose magnitude was at least the magnitude indicated, through any one least the magnitude indicated, through any one 

: least as great as indicated arrester arrester 
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CREST AMPERES 

Figure 4. Comparison of 166 records 
from six-lev phase arresters and 189 
records from three-kv neutral arresters 
on circuits of the Boston Edison Com¬ 
pany 

Curves show the number of years that may be 
expected to elapse for each discharge of at 
least the magnitude indicated, through any one 
arrester 



CREST AMPERES 

Figure 5. Comparison of results from 
Georgia Power Company circuits of 
different voltage ratings 

151 records from 6.9-kv circuits 
192 records from 11.5-kv circuits 
155 records from 11.95-kv circuits 
Curves show the number of years that may be 
expected to elapse for each discharge of at 
least the magnitude indicated, through any one 
arrester 



CREST AMPERES 

Figure 6. Comparison of 123 urban 
records from the Commonwealth Edison 
Company of Chicago and 365 urban 
records from the Boston Edison Com¬ 
pany 

Curves show the number of years that may be 
expected to elapse for each discharge of at 
least the magnitude indicated, through any one 


however, from figure 4 there seems to be a de fini te tend¬ 
ency for the current to be 20 to 30 per cent greater through 
the neutral arrester. Some difference in current would 
be expected in those cases where the two arresters are 
effectively in parallel, and the discharge current may 
divide between them according to their resistance. Be¬ 
cause of their lower average rating, the neutral arresters 
would have lower resistance and would pass higher current 
in such cases. 

Effect of Circuit Rating 

There seems to be no definite effect of circuit rating 
upon arrester discharge currents, although as shown in 
figure 5 there is a slight tendency for the lower rated 
arresters to carry a current of a given value more fre¬ 
quently. All of the data in this figure come from rural 
installations of the Georgia Power Company, all within the 
same state and presumably with about the same degree of 
exposure. The differences between the curves are too 
small to be more than an indication of what to expect, 
since a great many unknowns influence the results. 


arrester 


hundred and sixty-five records were obtained in Boston 
compared to 123 obtained in Chicago. The expectancy 
curves of figure 6 indicate that a current of at least 10,000 
amperes will occur in Boston about three times as often as in 
Chicago, in spite of the fact that an average of 15 thunder¬ 
storms per year were reported by weather bureau stations 
near Boston, and 45 per year at Chicago during the period 
of the investigation. These results seem to indicate that 
as far as records of arrester discharge currents are con¬ 
cerned, some other factor than number of storms per year 
exerts a major influence. A similar difference was found 
for the first 13 months of the investigation, and it was 
suggested by the authors that the difference might be due 
largely to difference in exposure. In Chicago the shield¬ 
ing is undoubtedly much more effective than is the case in 
Boston where the installation might more properly be 
classed as suburban. The difference is possibly due in 
part to less frequent checking of the magnetic links in 
Chicago. Most installations there were checked only 


Effect ofJLocation Upon Number of Records 

For a given locality, the number of records per month 
seems to vary almost in proportion to the number of 
storms in that locality. However, as between localities, 
the correlation is not good. 

A comparison between the results of 976 installation- 
years in Boston and 874 installation-years in Chicago is 
interesting. In Boston the currents are through three- 
kv and six-kv arresters used as neutral and phase ar¬ 
resters, while in Chicago the results are based on current 
measurements through three-kv phase arresters. Three 


once a year. However, since most of the links remained 
unmagnetized even at the end of that period, it does not 
appear likely that there was much superposition of records. 

From the above it follows that the prediction of ar¬ 
rester currents upon the basis of thunderstorm data, in a 
locality where current measurements are not available, is 
not likely to lead to a very satisfactory result. The 20- 
year isokeraunic map 4 of the Weather Bureau indicates 
about 40 storm days per year in Chicago compared to 20 
in Boston. 

A comparison may also be made between the records 
obtained on rural circuits in Georgia and Detroit. Figure 
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7 summarizes 490 records from 765 installation-years in 
Georgia and 419 from 1,004 installation-years in the vicin¬ 
ity of Detroit. Although the frequency of discharges of 
all magnitudes is 1.5 times greater in Georgia than in 
Detroit, the frequency of high-current discharges is 
greater in Detroit, being three times as high as 15,000 
amperes. 

Lightning Severity by Months and by Years 

In figure 8 is given the lightning severity by months, 
based upon the total number of records obtained, the num¬ 
ber of records greater than 5,000 amperes, and the thunder¬ 
storm data for Boston and Chicago. In each case the 
charts show the percentage of the year’s total lightning 
occurring in each month. 

Figures 9 and 10 give the relative severity by years in 
the four locations; i.e., Georgia, Detroit, Chicago, and 
Boston, based upon the total records and those above 
5,000 amperes. Values are given in per cent of the over¬ 
all average for the four locations for the period of the 
investigation. Here again it should be remembered 
that links were checked less frequently in Chicago and 
this may have resulted in some decrease in the apparent 
severity. 

Relative Severity in Different Locations 

The greatest number of records per installation (figure 
9) was obtained in Georgia each year but 1937, the average 

Figure 7. Com¬ 
parison of 490 
rural records from 
Georgia Power 
Company and 
419 rural records 
from the Detroit 
Edison Company 

Curves show the 
number of years that 
may be expected to 
elapse for each dis- 
charse of at least the 
magnitude indicated, 
through any one ar- 
CREST AMPERES rester 

to date being about double that of the next highest, the 
Detroit Edison Company. For records above 5,000 
amperes (figure 10) the Detroit Edison Company has 
the highest average. Although the Georgia records are 
twice as great in number as the Detroit records, above 
5,000 amperes the Detroit records are about 30 per cent 
more numerous. A similar situation exists between 
Detroit and Boston, the average number of records being 
approximately equal, yet the number of records above 
5,000 amperes being about four times as great in Detroit 
as in Boston. This seems to indicate that lightning 
strokes are more severe in Detroit or else the line con¬ 
struction is such that a higher level of line insulation is 




Figure 8. Relative lightning severity by months 


maintained. The Commonwealth Edison data cannot 
be used to good advantage in this comparison, because 
the circuits are so predominantly urban. 

There seems to be a persistent feeling among opera ting 
men that although the storms are less frequent in the 
Middle West than in the South, the strokes are more vio¬ 
lent and do more damage. Die Detroit data tend to 
support this contention, as far as the severity of strokes 
is concerned. Damage to apparatus was, however, much 
more frequent in Georgia. 

Arrester and Transformer 

Failures—Fuse Blowings 

There has been much speculation as to the performance 
of lightning arresters when subjected to natural lightning 
currents of different values, with regard to the protection 
offered and the effect on the arrester itself. Figure 11 
shows the operating record of arresters for all four sys¬ 
tems. With 3,787 installation-years involved, the ar¬ 
rester failure rate is 0.66 per cent per year. These data 
of course include arresters of all makes and ages. Ex¬ 
clusive of Georgia, the failure rate is 0.27 per cent per 
year, which is a very satisfactory record. 


310 Transactions 


McEachron, McMorris—Discharge Currents Electrical Engineering 





GEORGIA POWER CO. DETROIT EDISON CO. 


charges may in themselves be sufficient to blow the fuses. 

Of the 17 transformer failures, 13 were in Georgia 
giving an over-all failure rate of 0.72 per cent of the in¬ 
stalled transformers per year, and excluding Georgia, a 
rate of 0.21 per cent. Why the Georgia trouble rate is 
higher than the others is not clear, although it is partly 
explained on the basis of increased frequency of lightning 
discharges. 

Conclusions 



COMMONWEALTH EDISON CO. BOSTON EDISON CO. 



AVERAGE OF FOUR COMPANIES 

Figure 9. Relative lightning severity by years based on 
total number of records obtained 

Values shown for 1934 and 1937 cover only a part of the year 

There is some tendency for the failure rate of arresters 
per record to increase as the current increases, although 
this is not apparent to any extent if the Georgia data are 
excluded. Sixty-eight per cent of the arrester failures 
occurred in Georgia, despite the fact that Georgia had 
but 34.5 per cent of the total records. 

Of the 12 records above 25,000 amperes, two are as¬ 
sociated with one transformer failure. There were no 
arrester failures associated with these high currents. 
As to the distribution of these high currents with respect 
to location, one came from Chicago, two from Georgia, 
three from Boston, and six were obtained from Detroit. 

Eighty-four per cent of the arresters under study were 
interconnected in 1937, but no segregation of data is 
attempted since the number not interconnected is too 
small to yield definite conclusions. Possibly the trans¬ 
former failure record would have been even better than 
it is, if a larger number of arresters had been intercon¬ 
nected. 

The data show 36 fuse blowings, of which 28, or 78 per 
cent, were reported from Georgia. There is some tend¬ 
ency for the percentage of fuse blowings per record to 
increase with increasing arrester current, but as with the 
arrester data, this effect is practically nonexistent if the 
Georgia data are excluded. This may be explained by 
the fact that at some of the Georgia locations, the fuses 
were ahead of the arresters. They would therefore be 
called upon to pass all impulse currents which went to 
ground through the arresters, and the high-current dis¬ 


1- Within the limits of this investigation, circuit 
rating seems to have but little effect upon the frequency of 
occurrence of arrester discharges of a given current 
magnitude. If any conclusion is to be drawn, it is indi¬ 
cated that the lower rated arresters tend to carry more 
current, or to carry a given current more frequently. 

2. Fifty per cent of the currents measured were found to 
exceed 1,300 amperes, while 0.75 per cent exceeded 25,000 
amperes. In the current range from 5,000 amperes to 
15,000 amperes, negative currents were found about 3.5 
times as frequently as positive currents. The smaller 
ratio of negative to positive discharges compared to 
measurements on transmission line towers may be due to 
the lower height of the distribution circuits. 

3. The rural arrester must discharge currents of the 
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AVERAGE OF FOUR COMPANIES 

Figure 10. Relative lightning severity by years based on 
number of records of currents greater than 5,000 amperes 

Values shown for 1934 and 1937 cover only a part of the year 
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order of 500 amperes twice as often as the urban arrester, 
while at 15,000 amperes the ratio is increased to nine to 
one. The rural arrester must discharge a current of 
15,000 amperes or more once in 50 years and the urban 
arrester once in 450 years. 

4. There does not seem to be any satisfactory method 
for translating Weather Bureau thunderstorm data into 
the number of arrester discharges to be expected. In a 
given locality, however, the variation in the number of 
records agrees fairly well with the variation in the number 
of storm days. 

5. In general the largest number of arrester and trans- 
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Figure 11. Summary of damage to appa¬ 
ratus which correlated with records of 
discharge currents 

Where two records correlated with one transformer 
failure, only the larger Is shown 
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former failures and fuse blowings occur with relatively 
small currents of 3,000 amperes and less. This may be 
due in part to the great preponderance of currents of this 
magnitude. Excluding one system which had a much 
higher trouble rate than the others, there seems to be 
little if any tendency for an increased arrester failur e rate 
with increasing currents. None of the 12 currents in 
excess of 25,000 amperes caused arrester failure, although 
one transformer failure was associated with two of the 
high current registrations in Boston. 

6. Since the investigation covered a little over three 
lightning seasons in four different localities, considerable 
confidence can be placed on these results for design pur¬ 
poses. Proper consideration must of course be given 
to tiie circuits and localities involved, and to the limita¬ 
tions of the methods used in making this study. 
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Discussion 

W. G. Roman (Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The data this paper presents are valuable to 
the arrester manufacturer in designing an arrester which can dis¬ 
charge lightning surge currents without damage to the arrester itself 
and at the same time afford adequate protection to distribution 
equipments. The arrester's record so far is good, but continued 
efforts should be made to improve it both in design and in the 
method of application. 

It is interesting to note that of the 12 records above 25,000 amperes 
none were associated with arrester failures. This indicates that the 
distribution arrester has a discharge capacity sufficient to handle even 
the more severe lightning surges. 

Can the higher trouble rate experienced in Georgia be co-ordinated 
with the type of protective scheme used or the ground resistance of 
the average arrester installation? As the authors point out, the 
lightning discharge frequency is higher in Georgia than on the other 
systems, but their trouble rate is higher than can be accounted for by 
this increased frequency. 

The magnetic-link surge-crest ammeter has given much valuable 
data on lightning surge currents. A need is felt for data of this type 
on the duration of the surge current as well as the crest value. Has 
the General Electric Company any data on the type of record which 
would be obtained with a magnetic link inclosed in a conducting or 
semiconduction sheath? Currents induced in this sheath would tend 
to prevent the link being magnetized. On short surges this effect 
would be greater than on long surges of the same crest current and it 
might be possible to use this link co-ordinated with an unshielded 
link indicating crest current to give an approximate indication of the 
length of the surge. 


L W. Gross (American Gas and Electric Service Corporation, New 
York, N, Y.): The magnitude and frequency of lightning currents 
in distribution arresters actually measured in the field, as reported 
by Messrs. McEachron and McMorris, show how far short our pres¬ 
ent AIEE Standards fall in setting up standards for impulse tests of 
lightning arresters. The authors' paper (figure 1) shows over 40 
per cent of the recorded currents above 1,500 amperes (the maximum 
value mentioned in the Standards); ten per cent are above 5,000 
amperes and five per cent above 10,000 amperes, with maximum re¬ 
corded currents of 25,000 amperes. 

Certainly the users of lightning arresters want to know what de- 
giee of protection the arrester is capable of supplying at these higher 
currents so that they may co-ordinate, on a sound and economical 
basis, the arrester protective level with the apparatus it is intended 
to protect. In the none too distant past it must be admitted the ap- 
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plication of arresters for protection was more on a catalog basis of 
system voltage rating rather than on the basis of establishing a pro¬ 
tective level known to be below the safe strength of the apparatus. 

As more data of the type presented in this paper are obtained, in¬ 
cluding rates of voltage and current rises of natural lightning on elec¬ 
tric systems, it is hoped our knowledge of the protective characteris¬ 
tics of the arrester will be extended to cover at least those conditions 
which are known to exist in the field. 

The authors mention 36 cases of fuse blowings. I would like to ask 
if they can tell us the current rating of these fuses, or the approximate 
rating. In other words does field experience, from these tests, give 
any information on fuse sizes which do or do not blow under known 
lightning currents? 


Herman Halperin (Commonwealth Edison Company, Chicago, Ill.): 
An essentially statistical investigation of this type gains progressively 
in value as the number of results accumulates. It has now reached 
the stage where reliable conclusions may be drawn. We feel, how¬ 
ever, that the interpretation of some of the results is open to question. 

With 976 installation-years, Boston obtained 365 records, while 
with 874 installation-years Chicago obtained 123 records. This was 
in spite of the fact that the Weather Bureau reports 15 storms per 
year at Boston as compared with 45 storms per year at Chicago. 
Most installations in Chicago were checked but once a year, while the 
checkings were more frequent in Boston. The fact that most of the 
links re m ai n unmagnetized at the end of a year is no assurance that 
there was a negligible amount of superposition of records. 

An excess of superposition over the amount computed, assuming 
the records to obey a statistical distribution, is to be expected, be¬ 
cause, first, in a given year certain locations in a large city will be lo¬ 
cated in a larger proportion of storm centers than others and, second, 
due to less shielding by neighboring buildings some locations may have 
a considerably greater a priori probability of being struck than others. 

At 22 locations in Chicago the links were checked four times dur¬ 
ing 1936; 12 records were obtained, asstuning no superposition to 
have occurred in the short intervals between inspections. If the in¬ 
stallations had been checked but once in 1936, it appears that only 
eight records would have been found. In other words, in order to 
obtain the correct number of records, at least 50 per cent would have 
to be added to the observed number as obtained on the yearly basis. 

This superposition is much greater than would be predicted under 
the assumption that all locations were equally susceptible to light¬ 
ning during 1936. The straight application of the Newton formula to 
the data would indicate that 1.8 records had been lost while the num¬ 
ber actually lost was four. The data obtained in 1937 at these same 
22 locations gave similar results. In this year the number of records 
actually lost by superposition was four times the computed number. 

It is not our contention that the apparently abnormally low light¬ 
ning severity in Chicago is completely to be explained by superposi¬ 
tion of records. The effect pf the better shielding conditions in 
Chicago, as suggested by McEachron and McMorris, may explain the 
balance of the discrepancy. 

The highest current shown in figure 6 for Chicago, i.e., 9,000 am¬ 
peres, was for an installation having standard arrester connection and 
10 1 /* ohms ground resistance. Apparently at the time of the dis¬ 
charge, an old three-kva transformer failed, but the old-type arrester 
at this location did not fail. This is another experience showing that 
the arrester standards should specify a much higher current than 
1,500 amperes for acceptance tests on modern-type arresters. 

L. G. Smith (Consolidated Gas, Electric Light and Power Company 
of Baltimore, Md.): The data being collected by the authors are of 
considerable value in designing the lightning protection of distribu¬ 
tion systems and determining the necessary discharge capacity of 
lightning arresters applied to such systems. However, in order to be 
of conclusive value it requires the collection of a considerable amount 
of data. The 1,352 installations constitute a very small sample of 
the total number of installations of distribution lightning arresters. 

It is highly desirable for more companies to co-operate so as to in¬ 
crease the number of installations and spread and coverage of the 
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territory represented by these installations. However, before defi¬ 
nite conclusions can be drawn, many more years of collection of data 
will be required. The industry is greatly indebted to the authors for 
undertaking such a valuable study. 

Last summer our company installed surge-crest-ammeter links at 
150 distribution-arrester locations. As these installations were com¬ 
pleted late in the summer, data were obtained for only two lightning 
storms. However, 32 records were obtained. The maximum surge 
amperes recorded were 6,500. Surge currents as low as 500 amperes 
were recorded. As a matter of interest our meagre data was plotted 
on the curve shown by the authors in figure 1, in order to determine 
how closely our data conformed with the more voluminous data col¬ 
lected by the authors. These two curves show remarkably close 
agreement for the small number of records obtained by our company. 
We plan to continue the collection of these data over a period of 
several years. 


C. Francis Harding (Purdue University, Lafayette, Ind.): In 
addition to my discussion of the similar paper by L. G. Smith 
entitled "Distribution Transformer Lightning Protection Practice— 
II" it should be noted that the results of this statistical field analysis 
also confirm the predictions based upon the experimental tests of the 
four-span standard distribution system subjected to surge generator 
exposures at Purdue University under the auspices of the Public 
Utilities Research Commission of Chicago. 

The record reported in this paper of relatively high surge currents 
in the arresters located on rural distribution circuits indicates that the 
attenuation of the wave along such circuits is not as great as antici¬ 
pated and that the magnitude thereof should be more seriously con¬ 
sidered in establishing higher current testing standards by the light¬ 
ning-arrester subcommittee. 


K. B. McEachron and W. A* McMorris: Mr. Halperin presents 
some interesting results based on data obtained in 1936 at 22 meas¬ 
uring locations, where links were checked four times during the 
lightning season. It is indicated that with annual inspection of 
links, the number of records lost by superposition would have been 
at least four, but the number predicted on the basis of equal exposure 
of all locations would have been approximately two. If only two 
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less records had been obtained, this discrepancy would disappear. 
The 1937 results were based on a smaller number of records. 

We have not been able to identify exactly which measurements 
Mr. Halperin refers to, but they apparently include some readings 
from the few special installations on common ground leads, intercon¬ 
nection ties, or neutral arresters (gaps), which would be expected to 
have greater exposure than installations on phase arresters. Links 
were checked more frequently at these locations because of the 
special installations there. 

We do not feel that in a statistical investigation of this nature, a 
difference of two or three records one way or the other is a sufficient 
basis for very definite conclusions. The following analysis based on a 
larger number of installations over a longer period of time may be of 
interest. 

• In Chicago 236 of the installations on phase arresters on 4-kv cir¬ 
cuits have remained in their original locations since the beginning of 
the investigation. They have produced a total of 104 records. If it 
is assumed that all locations have equal exposure to lightning, the 
distribution of records may be calculated from the law of independent 
trials. The number of locations each of which would be expected to 
produce exactly k records may be determined from the expression 


n k « n 
where 


k\ (m 


m\ _/ a * / __ iy- k 

m — k) l\n ) \ n ) 



PER CENT OF INSTALLATIONS WITH MAGNETIZED 
LINKS AT END OF PERIOD OF EXPOSURE 


m « total number of records, and 
n = total number of locations. 

The actual and calculated distributions for Chicago are as follows: 


Figure 2. Effect of superposition of records on the number of discharges 
actually recorded, assuming that it is equally probable for any discharge 
to appear at any measuring installation 
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The agreement between actual and calculated distribution is sur¬ 
prisingly good. The same is true for the Detroit and Georgia rec¬ 
ords, and to a lesser degree for the Boston records. This agreement 
indicates that the distribution of records has not been greatly in¬ 
fluenced by factors which have not been taken into account and there¬ 
fore that no great error would result from using the theory of prob¬ 
ability to predict the number of records lost by superposition. 

When k = 0, the above equation reduces to 

solving for m 9 

log n — log no 

m m - --- 

log n — log (n — 1) 

This equation will permit us to estimate the number of records lost 
by superposition. If we let n 0 represent the total number of instal¬ 
lations at which links remained unmagnetized after a given period of 
exposure, then m represents the expected total number of discharges 
during that period. The number of records obtained would be equal 
to (w — tt 0 )» so m — (« —fto) would be the number of discharges 
which were not recorded because of superposition. The curve in 
figure 2 herewith is based on this relation. It does not account for 
the later discharges of a multiple stroke, which are not free to dis¬ 
charge through any path at random, but have a very strong tendency 
to follow the first discharge of the series. 

Several who have discussed this paper have brought out the point 
that the present standard. AIEE impulse tests are not representative 
of the most severe discharges measured in service. Field data on the 
arresters involved in the investigation do show, however, that the 
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arresters which have the best protective characteristics on the AIEE 
test have given the best account of themselves under service condi¬ 
tions. 

Mr. Gross has inquired about the ratings of fuses which were re¬ 
ported to be blown. These extended from two amperes up to 30 am- 
p ires. The rate of fuse blowing was higher for those locations where 
the fuse was ahead of the arrester, so that arrester discharge currents 
were carried by the fuses. Some of the fuse blowings are believed to 
have resulted from overloads due to secondary faults, rather than 
from lightning currents alone. 

There is great need for more data on the duration of impulse cur¬ 
rent waves, as pointed out by Mr. Roman. We have considered the 
method of measurement he proposes, as well as other similar methods, 
for adapting magnetic links to give an approximate indication of 
wave fronts and duration. Laboratory tests have been made over a 
period of several months to determine the best constants for the 
sheath, and to obtain calibration data. 

This method is attractive because it is so simple and inexpensive to 
apply. The interpretation of records is however quite complicated, 
and only approximate results are obtained, because of the large 
number of variables involved*. It may prove desirable to make in¬ 
stallations of this type, but it is hoped that other equally inexpensive 
methods may be developed for obtaining information more easily 
interpreted into accurate values for wave shape and duration. 

We do not have suficiently complete data available to justify defi¬ 
nite conclusions as to the causes of higher arrester and transformer 
failure rates in Georgia, Some of the ground resistances were, how¬ 
ever, relatively high. The use of longer leads from secondary neu¬ 
trals to arrester grounds may have contributed to the higher trouble 
rate.. 

We are pleased that others are undertaking investigations of this 
nature and that the results already obtained by Mr. Smith are in 
general agreement with what we have reported. The accumulation 
of more data will more firmly establish what duty is imposed on a 
distribution arrester in different'types of service. 

Since the scope of the investigation has been limited, it may prove 
more advantageous to alter it to obtain more information on the few 
discharge currents above the present measuring range, to include 
other localities or types of circuits, or to obtain information on the 
wave shape or duration. A given amount of work may bring greater 
returns to the industry if directed along these lines, than by merely 
continuing at the present locations with no changes. 
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Results of Operation of PCC Cars in Pittsburgh 

By T. FITZGERALD 

ASSOCIATE AIEE 


T HE Pittsburgh Railways Company has purchased 
201 cars of the Presidents* Conference Co mmi ttee 
type. By the middle of November 1937, there had 
been delivered and placed in service 140 of these cars. 
The new vehicles have exceeded our expectations with 
respect to their mechanical performance, their reception 
by employees, and the approval given them by the public. 

The company placed its first order, consisting of 100 
cars, in July of 1936. Of these, 75 units are equipped 
with Westinghouse motors and control apparatus, and 25 
are General Electric equipped. The same distribution 
was made on the second order. 

Prior to the delivery of any units of the first order, we 
obtained a sample car which we used to demonstrate to the 
public the superior qualities possessed by this outstanding 
advance in vehicle design. We operated this sample car 
in demonstration service from August until December, in 
which period we carried 25,000 passengers free, and it was 
inspected by uncounted thousands on the streets. This 
period of operation also gave our mechanical department 
an opportunity to study its design and to devise methods 
by which to cope with such difficulties as developed. The 
preliminary study and experience thus obtained by the 
mechanical group were of great value, in that they were 
well prepared to test the cars as they arrived, and to ad¬ 
just them to give the performance of which we knew the 
car to be capable. 

The design of the PCC car incorporates features which 
we in Pittsburgh had felt for a long time were essential in a 
trolley car if it were to compete effectively with the private 
automobile and the bus. The principal deficiencies of the 
cars we had were excessive vibration and noise; inade¬ 
quate deceleration; inadequate, jerky acceleration; and 
unnecessary weight. We had a little speed, which we 
obtained by rewinding the motors on about half of our 
cars, which increased their power by 50 per cent and their 
free running speed from a maximum of 30 miles per hour 
to a maximum of 40 miles per hour, an increase of 33y 3 
per cent. On a six-per-cent grade, the speed improvement 
of the higher-speed cars was 50 per cent. When the cars 
were converted to higher speed, we increased the braking 
efficiency and performed other work on them designed to 
make the car in general conform with its higher speed 
characteristics. 

It will be noted that the operating characteristics of the 
rewound-motor cars approach those of the PCO cars, so 
that we are able to place both types of cars in a schedule 
without losing the efficiency of the new car, and with 
reasonable assurance of maintaining the schedule. 

Delivery of our first order of cars commenced in late 
January of 1937. At the outset, we had to decide whether 
to fully equip a route with the new vehicles) or to equip 
the base service of the route selected, and use cars with 
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rewound motors to supplement the service for the peak 
haul. We decided on the latter plan, because we could 
thereby get a greater coverage of the system, and also 
keep the new cars in service to a greater extent. If the 
new cars had been used to fully equip a route, the peak 
cars would have been idle the greater part of the time. 
By applying the cars to base and evening schedules only, 
we were able to equip ten routes with the first group, 
and we will equip 13 routes with the second 100 cars. 

At the middle of November, we had a total of about 
3,440,000 miles of operation on the first group of cars, 
and 60,000 miles of operation on about one-third of the 
second order, which began to come in during the latter 
part of October. Our method of application results in 
securing about 1,000 miles of service per week on each car, 
or 50,000 to 52,000 miles annually. 

We have had less mechanical trouble with these vehicles 
than with any new car we have had on the property. We 
have had troubles, of course; none, however, which were 
fundamentally serious, or for which the engineers have 
not been able to devise remedies. In the light of the 
severe operating conditions which the Pittsburgh district 
offers, and the far-reaching changes in car design incor¬ 
porated in the vehicle, it is to be wondered why we have 
had comparatively so little difficulty with them. 

Evidence of how the cars are standing up in service is 
furnished by the weekly mileage of 1,000 miles which they 
are averaging. At ten miles per hour, that means they are 
averaging better than 14 hours of service per day, exclusive 
of time standing as spares, and of time required for routine 
inspection arid cleaning. 

Earlier, I indicated that noise reduction was an impor¬ 
tant advantage which we expected from the new design. 
The new car has advanced a long way in this regard, but 
it has made us acute to new noises which will have to be 
corrected. A short time after the cars were delivered, it 
was noted that a distinct and irritating rattle developed 
when crossing special track work, and when going over 
track irregularities. The source of the noise was found 
to be the bearings of the brake-shoe hangers on the brake- 
beam. Rubber was introduced into the design to elimi¬ 
nate the difficulty. Altogether, the noise level of the 
car is a tremendous improvement but it is not as good as 
we should seek to make it. 

When we purchased the new cars we experienced some 
anxiety over the hypoid gears with which the cars are 
driven. Our experience has been such as to convince us 
that our fears were unfounded. So far, we have had only 
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five gear failures and each was traceable to omitted 
lubrication which maintenance routine will overcome. 

We have had no failures of resilient wheels except those 
which were damaged because hand brakes had not been 
fully released, or because the required pressure was not 
properly maintained on the rubber sandwiches incorpo¬ 
rated in the wheel. 

We have had little or no trouble with motor generator 
sets. The wear on rail brake shoes has been very slight. 
We feel we are getting good wearing properties out of our 
rail brake shoes, largely because our technicians have made 
the dynamic brake properly do its job. We are obtaining 
from four to five times the mileage on wheel brake shoes 
and they cost a little more than twice the cost of regular 
brake shoes. We originally estimated we would obtain 
about 60,000 miles of service from the resilient wheels of 
the PCC cars. Indicated wear at the present time is 
about 100,000 miles for one-half inch of wear, which is the 
limit of wear obtainable. This compares with 140,000 
miles on regular wheels for two and one-half inches of 
wear. Due to the limited wear on shoes and wheels, 
there is considerably less labor required in resetting 
brakes. 

We have had two derailments in 3,500,000 miles of 
operation, due to mud on the tracks, carried there by 
severe storms, and one derailment due to a broken pro¬ 
peller shaft. We have had one split switch caused by an 
object in the switch, and one split switch probably caused 
by excessive speed. I personally feel that these cars 
are going to hold the rails longer, not only in the sense of 
avoiding derailments and split switches, due to the resili¬ 
ent wheel, but also in the sense of demonstrating the 
value of rails in transit service and re-establishing the 
prestige of that type of service. 

We have not made any changes in schedule speeds on 
the routes where the cars were installed, largely because 
the schedules were designed for and operated by the 
higher-speed cars which I have mentioned. The higher- 
speed schedules are, however, about 15 per cent better 
than is obtainable with the standard slow-speed cars. 

Power consumption on the PCC car is, by test, about the 
same as that on the higher-speed car, and it is 25 per cent 
greater than on a standard slow-speed car. We will save 
considerable on heat, however, with the PCC car, over the 
conventional car. We use electrical space heaters on the 
old cars, and the new cars of course use the heat dis¬ 
sipated by the control resistors during acceleration and 
dynamic braking to heat the cars. We have ample heat 
in the new cars; in fact, we are receiving complaints of 
excessive heat, whereas the old cars are complained of as 
being cold, on days when extremely low temperatures 
prevail. We are not in position to estimate the effect of 
this on power consumption until we go through a winter 
with the new cars. 

The PCC cars we have are all of the foot-control type. 
Although we had experimented with foot control on seven 
cars, it is the first time we have had a considerable number 
of cars of that type in operation. In qualifying trainmen 
on the new cars, we found that on the average about four 
hours of practice is all that is needed. The reaction of 
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trainmen to the car has been universally good. They 
like them because of their smooth performance character¬ 
istics, the adequacy of the brakes, and the resultant ease of 
schedule maintenance, and because lost time can be re¬ 
covered so much more easily with the new car. The only 
difficulty in operation so far encountered is glare in the 
windshield at night, particularly on wet nights. This is 
due to the bright interior, and we have mitigated this 
difficulty by various methods, such as dimming the cab 
lights, cutting off floor reflection, blacking the windshield 
frames, and on the second order of cars provision is made 
for a curtain which can be drawn about the operator's 
position. 

Of course, the true measure of the new car rests in the 
effect upon revenues and the effect upon costs. We have 
seen enough of the car to lead us to feel that the costs will 
not be higher than with the conventional car and, if any¬ 
thing, the new car will produce an economy in track 
maintenance, power costs, and in costs peculiar to the car 
itself. 

So far, the public response to the vehicle has been splen¬ 
did. We have received many communications from 
patrons, who have been pleased with the improved service; 
and from civic and municipal groups, congratulating the 
company on the new vehicle. We are constantly receiving 
inquiries as to when the new cars will be installed on other 
routes in the system, which is another evidence of their 
popularity. The noise-reduction qualities of the new car 
have accentuated complaints of noise from older cars. I 
have for a number of years held the opinion that much of 
the lack of prestige of street cars was traceable to the 
noise attending their operation. The items of superiority 
of the new cars over the older cars most frequently men¬ 
tioned are its quiet operation and its smooth performance. 

I will now turn briefly to the patronage results on the 
routes where we have installed the new cars. I am sorry 
that we cannot speak more definitely about the increased 
patronage they have attracted. Further, I must confine 
my remarks to results on the routes on which the first 
100 cars were installed, because we have had insufficient 
experience, up to this time, on the second group to record 
any patronage results. 

The picture on three of the routes on which new cars 
have been installed has been confused by the fact that we 
made fare concessions at about the time the new car 
service was inaugurated. On certain of the routes, 
territory is served which is also served by other routes 
which do not have the new equipment, so that it is possi¬ 
ble that certain patrons may use either route. In the 
studies which have been made, we have endeavored to 
adjust as nearly as we can for the factor of competition 
of the new cars with the older cars. On two routes on 
which the new cars have been installed and where a fare 
concession also was made, there has been no reduction of 
revenue—on the contrary, the route earnings have shown 
an increase. The fare reduction which was made was of 
substantial proportion. 

It should be remembered that thus far where the new 
cars were installed, we previously operated higher-speed 
cars, which in themselves had a tonic effect upon revenues. 
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The new cars, of course, have provided a much improved 
performance and appearance, and to that we must ascribe 
the added traffic obtained. A property which has not 
speeded up its service will, in my opinion, secure the ad¬ 
vantage of traffic stimulation from the greater speed of the 
PCC car. We began our program of conversion of cars to 
higher speed at the start of the depression, and we con¬ 
tinued the program during the depression. We found 
that the routes which were equipped with the higher-speed 
car held their patronage better than others—an advantage, 
of course, which the recent installation of PCC cars does 
not give us in the making of comparisons. 

The installation of new cars commenced on February 4, 
1937. Two days later, on February 6, the rate schedule 
of the Pittsburgh Motor Coach Company was reduced 
from 25 cents cash, nine tickets for $2.00, to 15 cents 
cash, eight tickets for $1.00, and 20 tickets for $2.00. 
The routes on which the rate change took place had been 
originally designed to furnish a service supplemental to 
the rail service, and in most instances they occupied the 
same streets or closely paralleled rail service. It can be 
readily appreciated liat with such a sharp reduction in 
fare, traffic on the busses was stimulated. Many of the 
new car routes have been up against this bus competition, 
and they have shown revenue improvements despite this 
unfavorable circumstance. 

Data we have obtained to determine increased patron¬ 
age shows that the new cars have been responsible for 
improvements ranging from 5 per cent to 11 per cent. 

When consideration is given to the elements which 
affect the comparisons, such as bus competition, previous 
higher-speed schedule service, and installation in the 
spring of the year when traffic normally is on the decline, I 
feel that we have had a very favorable patronage response 
to the new car. 

Our experience with the mechanical and electrical 
performance of the PCC cars has been better than we 


expected and is satisfactory. The cars have the perform¬ 
ance to attract and hold patronage, and in my opinion 
they are an adequate answer to the charge of obsolescence 
of street railways. Continued improvement in the 
vehicle, which is inevitable, will, I believe, result in com 
plete rehabilitation of the prestige of the street car as the 
most efficient and economical carrier where traffic de¬ 
mands heavy enough to justify that vehicle are encoun¬ 
tered. 


Discussion 

R. E. Hellxnund (Westinghouse Electric and Manufacturing Com¬ 
pany, Pittsburgh, Pa.) [Editor’s Note: This discussion covers also 
“The PCC Street Car,” C. F. Hirshfeld, EE, Feb. *38, Trans, p. 
61-6, and “Electrical Equipment for Modem Urban Surface Transit 
Vehicles,” S. B. Cooper, EE, Jan. *38, Trans, p. 50-6]: The fact 
that the Presidents* Conference Committee car has attracted con¬ 
siderable attention in Europe may be of interest. Some of the 
visitors to the World Power Conference in 1936 had an opportunity 
to inspect the first Pittsburgh car and they were very much im¬ 
pressed not only by the technical features of the car but also by the 
arrangement which made its development possible. They felt 
that simile undertakings in Europe might be instrumental in bring¬ 
ing about renewed activity in electric street railways. When I 
visited Europe in 1937,1 was surprised at the many inquiries made 
by the engineers regarding the PCC car, with reference both to 
generalities and to details, such, for instance, as the number of steps 
in the control, voltage per step which could be handled by the two 
types of control, etc. 

As usual, it will for various reasons be difficult to directly apply 
American designs in Europe. For example, the narrow streets and 
sharp curves in many European cities are not suitable for a long 
two-truck car such as the PCC. There also seems to be some 
hesitancy in Europe to design motors for temperature rises and the 
very high speeds used in this country because experience along these 
lines is still lacking in Europe. Although for this reason develop¬ 
ments may take a somewhat different course, I nevertheless believe 
that we can expect to see innovations in Europe which have been 
stimulated and influenced, at least to some extent, by the PCC car; 
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Operating Experiences With Gas-Electric-Drive Motor Busses 


By R. H. STIER 


T HE Philadelphia Rapid Transit Company operates v* 
a co-ordinated urban transportation system serving 1 
the City of Philadelphia and adjacent suburban P 
communities. The system is comprised of surface car, 
subway-elevated, motor bus, and trackless trolley lines, b 
Motor-bus operation was started in September 1923, wdh 
21 double-deck mechanical-drive busses of the Fifth 
Avenue” type. At the present time a total of 323 busses t 
are operated 12 million miles annually, and produce a 
approximately nine per cent of the system passenger 
revenue. The busses operated include 138 33-passenger 
single-deck and 161 71 -passenger double-deck gas-electric- 
drive busses purchased during 1925 and 1926. The 
remaining 24 vehicles are small-capacity 21-to-25-pas- 
senger busses, that have been purchased during the past < 

f ° Op^SSng characteristics of the original 21 mechanical- 
drive double-deck busses, purchased in 1923, were mos 
unsatisfactory from a passenger or transportation view¬ 
point. These busses were noisy and rough during ac¬ 
celeration, due to inherent characteristics of the clutch 
and transmission equipment. In order to determine 
means of improving the operation of these vehicles the 
Philadelphia Rapid Transit Company investigated alter¬ 
nate drive mechanisms that could be applied to the motor 

bU It was learned that the General Electric Company had 
built ten double-deck gas-electric-drive busses for the 
Fifth Avenue Coach Company in 1904. In so far as 
could be ascertained operation of these vehicles was en¬ 
tirely successful. The experiment was abandoned, ap¬ 
parently due to reluctance of any of the automotive 
man ufacturers to undertake construction of the gas-elec¬ 
tric-drive bus, probably due to increased cost for the 
electric drive and limited market for motor busses. 

During the interval between 1904 and 1923 the electric 
drive was not commercially developed, although isolated 
applications of the electric drive to automotive equipment 
were made, principally by the United States Army. In¬ 
formation available indicated that the electric drive 
offered the greatest promise of eliminating the objections 
of noisy and rough operation experienced with the me¬ 
chanical-drive vehicle. 

One of the “Fifth Avenue” type double-deck busses 
operated by the Philadelphia Rapid Transit Company 
was equipped with the electric drive. The apparatus 
was essentially identical to that still operated in 299 
PRT busses, consisting of a separately excited four-pole 
g enerator similar to the GE 1098 machine, two Series- 
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wound variable-voltage fout-pole motors stadia, to tie GE 
1079, and a simple three-position drumtype c • 

Performance of the bus was improved to so>«»*** 
degree that the electric drive was specified for the 3o2 
buSes purchased by the Philadelphia Rapid Transit 

Company during 1925 and 1926. 

During the early years of operation the usual trials and 
tribulations that go hand in hand with the pioneering of 
a new development were experienced. Operating prob¬ 
lems were multiplied by the rapid growth that occurred 
in the Philadelphia Rapid Transit Company s bus opera¬ 
tion, which was expanded from 527,000 miles in 1924 to 

8,000,000 miles in 1926. . . . 

The problems were accentuated by changes in desigi 
of the vehicle, made during the early years of operation, 
which tended to increase the effective load on the elec¬ 
trical equipment. These changes included the replace¬ 
ment of the original 34-inch solid tires by 40-rnch pneu¬ 
matic tires on the double-deck busses and by 38-inch 
pneumatic tires on the single-deck bus; and the enclosure 
of the upper deck with resultant increased vehicle weight. 
The electrical apparatus was rebuilt to increase its ca¬ 
pacity and improve its performance. Increased capacity 
improved performance of the equipment, but the basic 
cause of continued failure of the electrical equipment was 
attributed to use of noncommutatmg-field motors and 
generators. Commutator and brush wear was excessive 
and frequent flashover, with resultant damage to equip¬ 
ment, was experienced in service. After considerable 
study of the problem, in co-operation with engineers of the 
General Electric Company, methods of installing com¬ 
mutating field poles in the standard GE 1098 generator 
and GE 1079 motor were developed. Analysis of service 
data indicated that cost for this change would be justified 
in the GE 1098 generator, but it was doubtful whether the 

. cost could be justified in the GE 1079 motor. During 

I 1931 and 1932 the majority of the GE 1098 generators 
were rebuilt and commutating field poles installed. Mile- 
' age operated between reconditioning periods was m- 
, creased from 32,000 for the noncommutating-pole GE 
s 1098 generator to 107,000 miles for the commutating-pole 

- GE 1098 generator. x , , 

Performance of the electrical equipment can be judged 
s by analysis of maintenance expense, shown in table I. 
y Maintenance expense for electric transmission equipment 
s includes all costs for generators, motors controllers, 
9 kilowatt-hour meters, and wiring. It ^benotedthat 
le installation of commutating poles, during 1931 and 1932, 
3 - decreased percentage of total maintenance chargeable to 
" electric transmission equipment from an average of 17 
8 ’ per cent to an average of less than 13 per cent of total 
“ S maintenance expense. Record of maintenance expense 
la - for these vehicles and for the electric transmission equip- 
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ment, during recent years, is an outstanding achievement 
that can be largely attributed to the inherent advantages 
of the electric drive. 

The Philadelphia Rapid Transit Company is now con- 
fronted with the necessity of replacing the greater portion 
of its bus fleet, 93 per cent of which is of the gas-electric 
type and has been operated between 11 and 12 years. 
In view of the imminent purchase of new bus equipment, 
the controversial question as to whether or not the electric 
drive should be utilized must be answered. Since 1924 
extensive changes in design of clutch and transmission 
equipment have been made, that eliminate many of the 
objections to the equipment that were in part responsible 
for the original selection of the electric drive in 1924. 
Although majority of busses that have been operated are 
of the gas-electric type, operating experience with these 
vehicles is of little value in determining the type equip¬ 
ment best suited to the service requirements, since the 
vehicles are of obsolete design and construction, and since 
comparative service data is not available for the me¬ 
chanical-drive bus. It is considered that a description of 
the analysis that has been made of the relative advan¬ 
tages and disadvantages of the electric-drive and mechani¬ 
cal-drive motor bus would be of greater interest than 
an elaboration of the operating experiences with vehicles 
of obsolete design. 

Discussion of the relative merit of the electric drive will 
be predicated upon its use in frequent-stop heavy-traffic 
urban service for which it is basically adapted. The 
primary problem encountered, in weighing the relative 
advantages and disadvantages of the electric-drive and 
mechanical-drive bus is to secure authentic, comparative 
basic data. In order to secure the fundamental information 
required, tests were conducted with a number of modern 
busses of various types. For simplification we have 
limited the discussion to analysis of representative results 
obtained from performance tests of two 35-passenger 
busses of identical design and construction, differing only 
in that one vehicle was equipped with a conventional 
clutch and three-forward-speed, constant-mesh trans¬ 
mission; the other vehicle equipped with a GE 1501 Self- 

Table I. Maintenance Expense for Gas-Electric-Drive Motor 

Busses 


Maintenance- 

Electric Transmission Equipment 


Year 

Total Maintenance 
(Cents per Mile) 

Cents per Mile 

Per Cent of Total 
Maintenance 
Expense 

1926.... 

.4.60 



1927.... 

.6.69 



1928.... 

.6.04 



1929 

. .7.29. 

.1.17. 

..16.1 

1930..,. 

.6.86. 

.0.90. 

........15.4 

1931.... 

_.....5.01.;._ 

.... ..0.86.. 


1932..,. 

.4.03. 

.0.85. 


1933.... 

...2.71. 

.0.28.. 


1934... 

..2.76...... 

......0.34...... 

...... 12.3 

1936..,. 

.2.83. 

.0.38. 


1936.... 

.3.23... 

..... ,0.42.__ 

........13.0 

1937*.'.* 


......0.30. 



* Ten months. ' 


Figure 1. Accel¬ 
eration character¬ 
istics 
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excited generator and one GE 1205 series-wound motor. 
Both busses were tested with the equivalent of a seated 
passenger load, the mechanical-drive vehicle weighing 
21,425 pounds and the electric-drive weighing 23,050 
pounds. 

In order to eliminate, in so far as possible, the human 
element, a skilled and specially trained driver operated 
the vehicles during all tests. The test busses were equipped 
with special apparatus to measure performance. Ac¬ 
celeration and deceleration were measured by a Hasler- 
Tel recording accelerometer, which is essentially an in¬ 
tegrating speedometer that records distance traveled in 
feet, time in seconds, and mean or integrated speed during 
each second. The meter was driven by means of a bi¬ 
cycle wheel, mounted on the side of the bus. Combustion 
efficiency was measured before each series of acceleration 
runs, with an Orsat exhaust gas testing apparatus. An 
electric tachometer measured engine speed. 

Acceleration runs were operated over a 2,100-foot strip of 
concrete highway that had a slight but constant grade of 
0.7 per cent. Runs were operated in each direction, and 
the average acceleration characteristics for the gas-electric 
and mechanical-drive busses are shown graphically, 
figure 1. It is evident from comparison of these speed¬ 
time graphs that instantaneous acceleration values for 
the mechanical-drive bus are slightly higher than corre¬ 
sponding values for the electric-drive bus. This advantage 
is more than offset by time required for gear changes in 
the mechanical-drive bus, with the result that road speed 
of the electric-drive bus is slightly higher over the oper¬ 
ating range. For comparative purposes, the speed-time 
graphs for the two vehicles can be considered essentially 
identical. It would be concluded from a comparison of 
acceleration characteristics that there would be a negli¬ 
gible difference in relative scheduled speed ability between 
the electric-drive and mechanical-drive busses. This 
conclusion is contrary to normal operating experience, 
and further analysis is necessary to determine whether 
other factors affect the scheduled speed ability of the 
two types of vehicles. 

Fuel consumption of the electric-drive and mechanical- 
drive busses was measured at varying stops per mile, 
under rigidly controlled operating conditions. Tests were 
made over a closed course having a measured distance of 
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one mile. In order to minimize operating variables to 
the greatest possible extent, all tests were made with 
maximum engine performance, that is, with wide-open- 
throttle acceleration and no coasting. Operating speed 
and time were measured with a Hasler-Tel performance 
meter. Fuel consumed during each test run was accu¬ 
rately weighed, using a platform scale calibrated to l/100th 
of a pound. Temperature and specific gravity of the fuel 
were also obtained in order to convert weight of fuel con¬ 
sumed into gallons. 

Fuel consumption tests were conducted, with a fixed 
operating cycle of maximum acceleration between stops 
and a seven-second standing time at each stop, for various 
stop frequencies between four and eight stopsper mile. The 
mile closed test course had been surveyed and stops were 
made at fixed points during the test runs. The compara¬ 
tive fuel consumption for electric-drive and mechanical- 
drive busses is shown in figure 2. Fuel consumption as de¬ 
termined by these tests indicated that use of the electric 
drive increased fuel consumption 22.9 per cent at four 
stops per mile and 23.1 per cent at eight stops per mile. 

During tests to measure fuel consumption of each type 
bus, the elapsed time for each run was measured in order 
that scheduled speed at varying stops per mile could be 
calculated. The comparative scheduled speed in miles 
per hour for the electric-drive and mechanical-drive busses 
is shown in figure 3. It is apparent, despite the fact that 
the acceleration tests indicated negligible difference be¬ 
tween 1 the scheduled speed ability of the two vehicles, that 
the electric-drive bus constantly maintained a higher 
scheduled speed than the mechanical-drive bus. Sched¬ 
uled 'Speed operated by the gas-electric-drive bus was 6.4 
per cent faster at four stops per mile, and 8.6 per cent faster 
at eight stops per mile. 

Test data shown graphically, figures 1, 2, and 3, were 
measured under conditions controlled so as to insure to our 



Figure 2. Fuel 
consumption 


satisfaction that measurement of performance character¬ 
istics were comparable between the two vehicles and that 
results could be duplicated between successive runs. We 
would not defend the accuracy of these measurements from 
an absolute or scientific viewpoint, but we believe that 
they may be used as a basis for predicting the relative 
differences in performance between the gas-electrie-drive 
and mechanical-drive bus. 

Selection of bus equipment is fundamentally a question 


of economics and in the final analysis the relative ad¬ 
vantages of a particular type vehicle can and should be re¬ 
duced to terms of dollars and cents. Comparison between 
the electric-drive and mechanical-drive vehicle can be 
made in terms of dollars and cents, predicated upon the re¬ 
sults of the tests conducted, adjusted to take cognizance of 
operating experience. The problem may be reduced to a 
simple equation: 

Net income per vehicle = total revenue — total expense 

Since the only variable under consideration is the drive 
mechanism, analysis of those factors, inherent in the dec- 


Figure 3. Sched¬ 
uled speed 



trie and mechanical drives, and the evaluation of their ef¬ 
fect on revenue and expense, will indicate which of the two 
types of drive mechanism is best suited to the operating 
requirements. Many of the factors are indeterminate, 
but a qualitative estimate of their value may be approxi¬ 
mated. Evaluation of these factors represents the per¬ 
sonal viewpoint of the author, and it is acknowledged that 
there may be wide divergence of opinion as to the inter¬ 
pretation of the basic information herein presented. 

Total revenue may be a function of the traffic promo¬ 
tional value or sales appeal of the vehicle. It would seem 
self-evident that the dectrice-drive bus has a greater sales 
appeal to the public than the mechanical-drive vehide. 
The quiet, smooth, and uninterrupted accderation charac¬ 
teristics resulting from use of the dectric drive offer a more 
attractive ride to the passenger. The operator being re¬ 
lieved from the mechanics of gear-changing operations, is 
less fatigued at the end of. the day’s run. Public relations 
can be improved by use of the dectric-drive bus, since 
driver fatigue is one of the usual causes of frayed nerves, 
snappy and discourteous retorts, and slovenly operating 
practices. 

One advantage of the dectric drive that is sddom 
considered is the decrease in “gassing” effected by 
eliminating overdrive of the engine during deceleration. 
One of the greatest single sources of complaint in bus 
operation, both from passengers and residents dong the 
bus route, is the obnoxious exhaust gases disdiarged by 
the engine. This problem has attained proportions that 
justify consideration of the decrease in volume and change 
in characteristics of the exhaust gases disdiarged by the 
engine of the gas-dectric bus due to its freewheding action 
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during dederating periods. Evaluation of these advan¬ 
tages accruing from use of the electric drive is obviously 
impractical, but its is believed that some weight should be 
given to the inherent “sales appeal” of the electric drive in 
any analysis of the advantages of that type vehide. 

Operating expense is an all-indusive factor that can be 
subdivided to minute detail. The major components of 
operating expense that are appredably affected by the type 
drive utilized, indude depredation charge per vehide, 
platform wages, gasoline or fud cost, and maintenance ex¬ 
pense. These factors can be estimated to some degree on 
the basis of known performance for each type bus. 

Depredation charges are a function of the difference in 
initial cost of the two types of vehides and their probable 
economic life. Additional cost for the dectric drive will 
vaty, but can be assumed to be approximately ten per cent 
of the cost for a 35- or 40-passenger bus. Since depreda¬ 
tion charges will normally range from 2.5 to 3.5 cents per 
mile, use of the electric drive will increase the direct operat¬ 
ing expense from 0.25 to 0.35 cents per mile, if we assume 
equal mileage life for the gas-electric and mechanical- 
drive busses. However, experience of the Philaddphia 
Rapid Transit Company would indicate that use of the 
dectric drive prolongs the useful life of the vehide by de¬ 
creasing rate of obsolescence and decreasing physical de¬ 
terioration of the vehide. Evaluation of the potential in¬ 
crease in useful life of the dectric-drive bus is a matter of 
individual opinion and judgment. It may be considered 
that the actual increase in depredation charges incurred 
by use of the dectric drive will vary from nothing to a 
ma ximum of 0.35 cents per mile, depending upon spedfic 
operating conditions and individual judgment. 

The daims and counterclaims regarding effect of dec¬ 
tric drive on scheduled speed ability of the motor bus, 
have tended to obscure the facts behind the smoke screen 
of controversy. The comparative acceleration character¬ 
istics of two identical vdiides, one dectric drive, the other 

mechanical drive, were shown graphically, figure 1. These 

tests would indicate that there is a negligible difference be¬ 
tween the probable scheduled speed abilities of the two 
vehides. However, actual tests operated to measure 
scheduled speed ability, shown in figure 3, indicated that 
there is a definite and appredable difference in scheduled 
speed operated by the two busses. The electric-drive bus 
operated a: faster scheduled speed, varying from 6.4 per 
cent at four stops per mile to 8.6 per cent at eight stops per 
mile. These conflicting results can be readily corrdated 
by examin ation of the conditions under which the tests 
were operated. The dectric-drive bus accelerates auto¬ 
matically, the driver merely depressing the accderator 
pedal, and no skill or special technique is required to con¬ 
sistently attain maximum performance. The mechanical- 
drive bus, however, is accderated successivdy through 
three or more gear ranges. Speed at which gear change is 
made, and rapidity of gear change affect the accderation 
rate of the vehicle. During any accderation test, the 
driver is under tension, gear change is made at optimum 
engine speed, with the minimum of time loss and perform¬ 
ance attained is the maximum. During scheduled speed 
tests there is a natural letdown on the part of the driver, 


despite the fact that there still exists the necessity for 
changing gears under controlled conditions. It is ap¬ 
parent that in actual service, the mechanical-drive bus can 
only approach but never attain maximum performance. 
The gear-changing operation slows up, and engine speeds 
at which gear changes are made vaty widdy from the op¬ 
timum values. The increased scheduled speeds, shown in 
figure 3, maintained by the dectric-drive bus represent 
the minimum that could be expected in service. It is 
conduded that in frequent-stop service, the dectric-drive 
bus could maintain a scheduled speed ten per cent faster 
than could be maintained by a mechanical-drive vehide of 
identical design and construction. 

Scheduled speed affects those items of operating expense 
that are proportionate to bus hours and number of busses 
operated, provided service frequency permits adjustment 
of schedules to maintain constant the number of bus miles 
operated. In short-headway heavy-traffic service, such 
adjustment is usually possible for any appredable change 
in scheduled speed. Increased operating speed will, 
therefore, decrease in direct proportion, drivers* wages, bus 
depredation charges, and certain fixed charges. These 
expenses will normally average not less than 11 cents per 



mile for heavy-traffic urban service. An increase in 
scheduled speed of ten per cent would therefore effect a 
decrease in direct operating expense of 1.1 cents per mile. 

Comparative fud consumption for the dectric-drive 
and mechanical-drive busses is shown graphically, figure 
2. These fud-consumption values were measured at 
maximum performance, to minimize operating variables, 
and are not indicative of the values that would be obtained 
in actual service, although comparison between the two 
types of busses should be valid. The miles per gallon of 
gasoline for the mechanical-drive bus were consistently 
higher than for the dectric-drive vehicle, the increase for 
the mechanical-drive vehide varying from 22.9 per cent 
at four stops per mile to 23.1 per cent at dght stops per 







mile It will be noted that the percentage increase is 
practically constant over the range of service conditions 
from four to eight stops per mile. It may be assumed 
that determination of comparative fuel consumption under 
known conditions of actual operation will be a measure of 
difference in fuel consumption for the two types of vehicle. 
These busses were operated for a period of two months 
in actual passenger service. Two groups of runs were 
selected having similar traffic characteristics, and the 
drivers assigned to these runs were instructed in operation 
of the test busses. To eliminate, in so far as possible, 
variables of operation, the busses were interchanged each 
week between the two groups of runs. At the end of the 
two months' period, the mechanical-drive bus averaged 
4.27 miles per gallon of gasoline and the gas-electric bus 
averaged 3.50 miles per gallon of gasoline, an increase of 
18.1 per cent in miles per gallon of gasoline for the mechani¬ 
cal-drive vehicle. 

Difference in fuel consumption between the mechanical- 
drive and electric-drive busses was measured with stand¬ 
ard design engine and standard engine adjustments. The 
engine design and adjustments are predicated upon re¬ 
quirements of the mechanical drive, which differ radically 
in many respects from the requirements of the electric 
drive. Comparison of the requirements for optimum en¬ 
gine performance with the electric drive and the mechanical 
drive can be determined to some degree by comparison 
of engine speed characteristics during acceleration of the 
mechanical- and electric-drive busses, as shown in figure 
4. It is evident from this graph that engine speed during 
acceleration of the electric-drive bus, ranged from 1,600 
to 1,800 rpm, whereas the engine speed during accelera¬ 
tion of the mechanical-drive bus ranged from 1,100 rpm to 
2,350 rpm, neglecting initial engine accelerating period dur¬ 
ing which clutch slippage takes place. Since the engine is 
designed for mechanical drive, it develops ma xim um torque 
at 1,100 to 1,200 rpm, the point of maximum power demand 
during acceleration, and the torque falls off as engine speed 
increases. It is evident that an engine designed for electric 
drive, developing maximum torque at the operating speed 
range of 1,600 to 1,800, would operate more efficiently and 
result in decreased fuel consumption of the gas-electric bus. 
The engine is carbureted to perform over the entire operating 
range of engine speed of the mechanical-drive vehicle, and 
is equipped with a carburetor accelerating pump to insure 
pickup at low engine speed and heavy load. The electric- 
drive vehicle does not require this type of carburetion, and 
fuel economy can be attained by adjusting carburetion in 
the electric-drive bus to actual operating requirements. 
Test data have also indicated that the permissible maxi¬ 
mum engine compression ratio that can be operated with¬ 
out detonation, using a given fuel, is substantially higher 
with the electric drive than with the mechanical drive, 
due to relatively constant speed operation and the elimina¬ 
tion of low-speed operation at heavy load.. It is believed 
that increased use of the electric drive will tend to focus 
attention on the inherent possibilities of improved econ¬ 
omy to be derived from changes in engine design to meet 
the actual conditions under which the engine operates 
with the dectric drive. Although the test data would in¬ 


dicate that use of the electric drive results in an increased 
fuel consumption of from 18 to 20 per cent, equivalent to 
from 0.5 to 0.8 cents per mile, it is concluded that these 
estimates represent the maximum probable increases in 
fuel operating expense. Development of an engine design 
properly adapted to requirements of the electric drive 
should decrease the differential in fuel expense to a frac¬ 
tion of the indicated value. 

Differences in maintenance expense for the electric-drive 
and mechanical-drive busses can be approximated qualita¬ 
tively by analysis of the characteristics of the two types of 
drive mechanisms. It has been shown, table I, that main¬ 
tenance expense for electric-drive equipment operated by 
PRT during recent years has varied from 10 to 13 per cent 
of total maintenance costs. The electric-drive equipment 
operated is of obsolete design and it is considered that 
maintenance cost for modern commutating-field equip¬ 
ment would be substantially less than the costs experi¬ 
enced. It is believed that the expense for the electric 
equipment should not appreciably exceed expense for 
clutch and transmission equipment of modem busses with 
remote engine location. There are a number of character¬ 
istics of the electric drive that contribute to lowered main¬ 
tenance costs. Elimination of the shock of clutch engage¬ 
ment tends to minimize wear on axle gearing and lessen 
the general wear and tear on the entire vehicle. Engine 
m ain tenance is definitely decreased due to relatively con¬ 
stant-speed operation and elimination of high engine 
speeds, as shown graphically, figure 4. In addition, the 
ability to measure readily engine performance, by rheo¬ 
static loading of the power generator at periodic inspection 
intervals, contributes materially to improved engine main¬ 
tenance. Free-wheeling action with electric drive further 
lessens engine wear and tear by eliminating overdrive of 
the engine. It may be concluded that there is a definite 
probability of lessened maintenance expense with the 
electric drive. 

There is one other important factor that should be con¬ 
sidered in weighing the relative advantages and disadvan¬ 
tages of the electric drive. Although bus operation is a 
relatively new industry it will be confronted in the future 
with the problem of increasing age of its employees and 
the resultant impairment of the physical abilities of individ¬ 
ual drivers. 

The trend toward increased acceptance on the part of 
all industry of a social duty toward its employees 
necessitates adoption of every device that may prolong 
the useful working life of the employee. The character¬ 
istics of the electric drive, in minimizing required driver 
skill and in decreasing the physical effort necessary to ef¬ 
ficiently control the vehicle, permit satisfactory operation 
of that type bus by individuals that could , not operate 
comparable mechanical-drive busses under the same serv¬ 
ice conditions. This factor is of paramount importance 
to those companies that are faced with the problem of ex¬ 
tensive substitution of the motor bus for the street car. 
Many of the displaced car operators can be trained to 
operate an electric-drive bus who are not capable of satis¬ 
factorily operating the mechanical-drive vehicle. Even 
this advantage of the electric drive has a dollars and cents 
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value, since the alternative to continuing the employment 
of many of these employees is to retire them on a pension 
that must be paid from operating revenues. 

The effect of operating electric-drive or mechanical- 
drive busses on operating expense may be summarized as 
in table II. 

It has been stated that selection of the electric drive or 
the mechanical drive bus is fundamentally a question of 
economics. The problem was reduced to the solution of 
the following equation: 

Net income per vehicle = total revenue - total expense 

Attempt has been made to evaluate the differences be¬ 
tween the two type vehicles in order that solutions to this 
equation might be developed. It is concluded that in 
frequent stop, heavy traffic urban service, the electric- 


Tablc II 



Economies in Operating Expenses 
(Cents per Mile) 

Electric Drive Mechanical Drive 



.0.00 to 0.35 

Increased scheduled speed. 

.1.10 

.0.50 to 0.80 

Savings in maintenance expense. 

.0.25 to 0.50 


Total... 

.1.35 to 1.60.. . 

.0.50 to 1.15 


drive bus will produce a higher net income than the me¬ 
chanical-drive vehicle, since it has been credited with in¬ 
creased sales appeal, resulting in a higher total revenue, 
and decreased operating expense. 
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Modern City Transportation 

E. J. MdLRAITH 


I N MOST cities there are enough automobiles to carry 
all of the citizens at one time. Yet, there is still a 
great need for public carriers as a part of city life, and 
this need increases relatively with increase in size of cities. 
People pay with great enthusiasm for modem automobiles 
because they satisfy a desire for new style, more power, 
greater comfort, and higher speed. Public transportation 
in its service must recognize these desires. 

Life today is streamlined, air-conditioned, finger-tip con¬ 
trolled, and wrapped in striking play of colors and lights. 
A competing company offers radio harmonizing and an¬ 
other must put in automatic tuning. Then comes “no 
squint,” “no stoop,” “no squat.” It is an era of dramatic 
selling. 

Not even steel making remains the same. It is alloys 
we need now. Yet, sales increase because people spend 
their money for whims, and the whims of yesterday be¬ 
come, through advertising, the needs of today. Trade 
grows and the keen organization gets its share, while the 
old shop gets more and more dust and cobwebs. 

Transportation has changed, but not fast enough 
through the last generation. Political control fastened 
itself upon the street railways and steam railways. Now 
the other industries have their share of government con¬ 
trol, and how they like it. We have grown used to it. 

The successive blows of high costs due to the war, auto¬ 
mobile competition, the depression, have kept many trans¬ 
portation companies without reasonable earnings for 20 
years. Credit has been low, and there has been no sound 
modernizing plan available to bring back business or build 
up new lines of trade. 

But the long-delayed modernization is now definitely in 
evidence. The correct solution is not fully understood or 
established, but experience is molding opinion. A great 
difficulty is the fact that too many of those who influence 
transportation are outside of the active management, and 
seek to find a standard solution applicable everywhere. 
Even among the operators of transportation systems one 
finds many expressing fixed opinions as if they were defi¬ 
nite and unquestioned axioms. 

We hear: Street cars are doomed—two-man car opera¬ 
tion is silly—busses are the only solution—small busses are 
the perfect answer—trolley busses give best service at 
lowest cost—elevated railways are out. 

Some individuals in prominent places believe firmly in 
the absolute accuracy of one or more of these statements. 
Each of these statements has definite adherents who are 
enthusiastically willing to argue for their beliefs, and to 
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spend money based on those beliefs. Actually no one of 
them is correct in all circumstances, but each of them is 
true for certain operations, or for certain cities, or for cer¬ 
tain circumstances. The great trouble is lack of analysis 
to determine the different solutions that are needed to give 
correct answers for the different situations that exist, and 
to provide the best service with the best operation, and the 
maximum net return at a reasonable rate of fare. There 
is no single unit that should be universally used, even in a 
single city except, perhaps, in cities of very small size. 

The transportation industry like any other needs careful 
thinking and planning, careful analysis and application of 
sound principles. One doesn’t build the same standard 
factory with an unvarying type of machine tools for a 
fixed number of workmen to manufacture shoes in one 
place and containers in another; nor would the same fac¬ 
tory be built to manufacture shoes in Chicago as for a fac¬ 
tory in Augusta, Georgia. Building a factory or build¬ 
ing a transportation system calls for painstaking analysis 
of the market, the source of supply, the costs of materials, 
the wage rate, the type of machine tools, the layout of the 
plant, the operating and working conditions, the trend of 
public opinion toward the product, the possibilities of 
molding that opinion, and the probability of producing an 
adequate net return. Each of these problems has its in¬ 
fluence on the success of the whole project. 

The final answer that determines the success of an under¬ 
taking is the size of the net return after making allowance 
for the ability to hold the customers by maintaining the 
quality and price of output. One should not plan for a 
character of transportation service or kind of unit to be 
used in giving that service unless it best fits into the pro¬ 
duction of greater net earnings with satisfaction to the cus¬ 
tomers. A system should be built around these two ob¬ 
jectives, using the best available tools and equipment for 
each of the many varieties of service within the community 
served. 

Over the years since electric cars have been used, there 
has been continued progress; better trucks, motors, con¬ 
trols, brakes, doors, bodies, modernized lines but cars were 
made to last so long that many of the cars you rode on as 
boys are still with us. Only a pitifully small number of 
new cars were built each year. That is not real progress. 

Ten years ago these facts were recognized and the desire 
for change finally resulted in the formation of the confer¬ 
ence of the presidents of the larger transportation com¬ 
panies and representatives of equipment manufacturers. 
This conference gave the pressure that comes from large 
purchasing power to the designing and creation of a truly 
adequate modem car of two types, for one-man operation 
and for two-man operation. 

Those cars are at last realities operating in several cities 
and demonstrating definitely that a street car can also be 


324 Transactions Mdlraith—Modern City Transportation Electrical Engineering 



thoroughly modernized. The 1937 model car is speedy, 
sleek, quiet, attractive, and even as modem in appearance 
as the best bus and much more comfortable to ride. The 
next models will be better yet. 

The new car has excited public interest as an innovation, 
has attracted many new riders and has gained for the rail¬ 
ways new confidence in sound thinking to build a balanced, 
competent system, using adequate equipment for each 
transporation need. 

What are the transportation needs ? 

Twenty-five years ago the only public carrier was still 
thought to be a street car on rails. Then came busses, 
first as unwieldly, awkard looking, as the early automo¬ 
biles were, but improving steadily and developing through 
the years, even as automobiles have developed. Today 
the modernized bus has reasonable speed, power, comfort 
and has cleared most of its principal handicaps, except 
those of heating, lighting, ventilation, fumes of exhaust, and 
smoothness on uneven pavements. 

As bus manufacture became more competent, trolley 
busses of an efficient type and of adequate performance 
were developed. Now we have an equally quiet, equally 
modernized street car for either one-man or two-man opera¬ 
tion and surface units run the entire range from private 
automobiles to small busses to the largest bus, or trolley 
bus conveniently usable on city streets, into the rail ve¬ 
hicles for lines of heavy density of travel, all running speed¬ 
ily, quietly, smoothly, comfortably. 

A full discussion of the relative merits and proper use of 
these units in a short paper is quite out of the question, but 
a brief reference to their relative positions is necessary. 
The principal reason for variety of unit is due to the dif¬ 
ference in costs of maintenance, operation, and the various 
fixed charges to be met. 

One cannot depend safely upon general figures on the 
r elat ive cost per mile of operating street cars, busses or 
trolley busses, although that is what many managements 
seek to do, attempting to use approximate estimate as a 
measuring stick in determining the relative place of each of 
these types of vehicle. There is no uniform measure that 
ran be correctly used as a generality even for a given city 
with a single organization and a single scale of wages, work¬ 
ing conditions, and costs of material. One must study the 
cost of each single line and compare the analysis of several 
typesof lines as costs would be for each of these several types 
of vehicles available to make clear the reason for this state¬ 
ment. The relative importance of operator's wages, mil¬ 
age, costs of maintenance and operation, and fixed charges 
such as interest on investment, depreciation, insurance, 
taxes, licenses, and city imposts, vary widely in their effect, 
dependent upon the characteristics of the operation of the 
street or line in question. 

Unless one has made intimate analysis of proper schedu¬ 
ling of an operation and has found that waste in scheduling 
is so easily glossed over and ignored, he will not be aware of 
the significance of intimate study. Very few people under¬ 
stand the possibilities of careful schedule-making, and few 
schedule departments experience from management inten¬ 
sive understanding, supervision and pressure toward cor¬ 
rect analysis and technique. 
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A few specific illustrations of relative total costs may in¬ 
dicate the need for applying careful, complete analysis to 
single line s before reaching conclusions as to size of unit or 
type of operation. 

There are three lines in Chicago of nearly the same 
length but somewhat different riding characteristics. 
Number 1 carries 53,000 people per day, number 2 60,000, 
number 3 44,000. Careful detailed analysis of all the 
factors affecting operation, costs, and investments for each 
of the various types of operation—two-man cars, one-man 
cars, trolley busses and gasoline busses—-shows that num¬ 
ber 1 line would be best served by one-man cars, saving 
$30,000 per year over the next best type of operation. 
Number 2 would have the best net return by the use of 
two-man cars, saving about $25,000 more than by any 
other method. Number 3 line having somewhat lighter 
travel and different distribution is best served by trolley 
busses and these would be best by about $50,000. 

By general measures of classification these three lines 
are alike and directly comparable. It would be easy to 
create the conviction that the three routes should be 
treated alike, yet, the net return to the company can be 
greatly improved by individual decisions and careful ap¬ 
plication of correct equipment. 

The differences are created by the use of the lines by the 
passengers; that is, the relative intensity of the rush hour 
as compared to the nonrush period, the relative number 
in rush hour and nonrush using each of the two directions 
of travel, the length of ride of the passengers on the line, 
the zones in which they ride and the number of times the 
load changes on each trip. 

Further, to demonstrate relative costs on one of these 
lines, index figures for the various types of units are: 

Two-man car... *18 

One-man car...m 

40-Passenger gas bus.. 

30-Passenger gas bus. U4 

40-Passenger trolley bus. 

An even more striking illustration can be given by com¬ 
paring two routes of exactly the same length. One, now a 
trolley bus line, carries about 19,000,000 passengers per 
year; the other is a one-man car line carrying 17,000,000 
passengers. The average load per car or bus in rush hours 
in the rush direction is almost exactly the same for the two 
lines but because of the variations in such factors previ¬ 
ously mentioned the total operators’ hours paid for on the 
trolley bus line is 56 per cent higher than on the one-man 
car line. 

Further analysis of the costs of giving gasoline bus serv¬ 
ice with different sizes of gasoline busses indicates again 
that general conclusions are likely to result in errors. One 
line using seven 30-seat busses could be operated with ten 
20-seat busses of the same quality and general appearance, 
except for size, at a saving of around $7,000 per year, and 
with a reduced investment in busses from$63,000 for the30- 
seat bus to $45,000 for the 20-seat bus. A saving of $7,000 
with a reduction of nearly 30 per cent in investment is a 
very substantial accomplishment on so small a line, but the 
ordinary operating man would be likely to suggest a 30- 
seat bus if he looked at the line's operation somewhat su- 

City Transportation Transactions 325 








perficially or without the careful analysis of the complete 
details of costs. 

On another line using at present ten 30-passenger busses 
the total cost would be $4,000 more per year if smaller bus¬ 
ses were substituted, but the investment would be lower 
for the 20-passenger bus. In each of these cases one is 
balancing operators’ wages, which are naturally higher 
with the smaller bus, against costs of operation, mainte¬ 
nance and fixed charges, which are likely to be lower on 
many of the light lines for the smaller bus. 

In most any system of transportation prevailing today in 
cities there are certain lines built many years ago when 
only street cars appeared to be serviceable for city service, 
and which have continued to operate with street cars 
where a substitution could readily be made at a saving by 
using trolley busses or gasoline busses as the circumstances 
would indicate. These two newer types of vehicles are 
better adapted to certain kinds of operation with lighter 
densities of travel, and should be a part of a modernized 
system for those lines on which they are appropriate. No 
one kind of equipment is adequate for best results in all 
types of service, and the production of net revenue. 
Rule-of-thumb methods of deciding upon the type of equip¬ 
ment can bring wrong answers. 

Of course, another source of error comes from the use of 
old figures of costs of operation. New methods of main¬ 
tenance and newer, better equipment are constantly being 
introduced in gasoline driven busses of all sizes, in trolley 
busses, and in street cars. The relative comparisons are 
an ever changing relation and, just as in all business ven¬ 
tures, transportation management needs to be alert in 
analysis, study, and in modernization. 

The new street car generally known as the PCC, or 
Presidents’ Conference Committee Design, has now been 
in use for more than a year in a number of cities. In most 
cities it is used as a one-man car; in Chicago only as a two- 
man car. But the Chicago car is larger in size with dif¬ 
ferent arrangements of doors to make it adaptable for the 
carrying of larger loads. This car has distinct accomplish¬ 
ments that make it a completely different street car than 
has been available. The rate of acceleration is not greater 
than that of some of the best cars previously used, but 
is very much smoother and more uniform. Jerks are pos¬ 
sible only when the motorman must throw off his control 
while the car is still accelerating at a rather high rate and 
must immediately put on his brake to avoid an accident 
It is, of course, impossible to make such emergency stops 
without disturbing standing passengers. This is true in 
any type of vehicle equipped with efficient brakes. 

The brake on the new car is a great improvement be¬ 
cause braking is not dependent upon wheel adhesion. The 
combination of dynamic braking with air braking and a 
battery-operated track brake permits a quicker stop than 
is possible with an automobile, not withstanding the condi-, 
tion of the rail. Of course, the rate of braking ought to be 
selected as one that the passengers can tolerate when stand¬ 
ing and holding to a support. But since the motorman 
knows that he is no longer dependent solely on rail adhe¬ 
sion, he may run closer to traffic, and at much higher speeds 
so that he may hold his place in the street, 


The only way in which greater speed can be developed 
for a v ehic le of this sort is by giving the operator complete 
assurance that he has a thoroughly dependable braking 
system that will operate at least as rapidly as that of any 
other vehicles on the street. The success of gaining speed 
in operation of these cars, then, has been made possible 
not primarily because of change in accelerating rates, but 
also because of improved braking. 

The new car also has a much better heating and venti¬ 
lating system, and uses the heat generated in accelerating 
and in decelerating by dynamic braking for heating the 
car. This practically eliminates the use of any other elec¬ 
trical heating, and so cuts the cost materially. 

The modernized design of equipment in unit assembly 
has greatly reduced problems of maintenance and has cut 
costs in both maintenance and manufacture. The weight 
of the whole car has been materially reduced by better de¬ 
sign, and modernized methods of manufacture, made pos¬ 
sible by many companies pruchasing from similar speci¬ 
fications, has reduced greatly the manufacturing cost and, 
therefore, the purchasing price. 

However, the outstanding accomplishment is the reduc¬ 
tion of noise to a level in keeping with that for busses or 
automobiles. Without noise reduction the new street cars 
would be quite incomplete, in spite of the important ad¬ 
vantages they have fqr many lines in all large cities. With 
the present demonstration of a very quiet street car which 
can, no doubt, be even further improved in later models, 
the greatest handicap or source of annoyance has been defi¬ 
nitely eliminated. 

In the Chicago cars, hand control of the motor circuits 
and of the brakes is used. The motorman operates the 
controller with his left hand by a lever that moves verti¬ 
cally through an angle of 22 degrees, the position determin¬ 
ing the rate of automatic acceleration chosen. With the 
right hand he operates the brakes with another lever, also 
in a vertical plan through an angle of approximately 60 
degrees. Here the position determines the automatic rate 
of deceleration. 

This is not quite all the story of the braking controller, 
because the three forms of braking are not ordinarily all 
effective at the same time, and the track brakes do not be¬ 
gin to function unless the control handlers moved beyond 
the middle of its stroke. 

The point I wish to make is that we have kept hand con¬ 
trol of the movement of the vehicle, while all other prop¬ 
erties have gone wholly to foot control in both starting and 
stopping the car. The principal reason for retaining hand 
control is that in the operation of a street car no steering is 
required, so that while the car is running the operator on a 
two-man car has nothing whatever that he needs to do with 
his hands, if acceleration and braking are put on foot pedals. 
Now it isn’t good psychology to leave a man at an impor¬ 
tant job that calls for a high degree of concentration on the 
smoothness and safety of his operation with his hands idle. 
One’s thinking is too much tied up with what the hands are 
doing. Hands will not stay idle, and if the operator when 
operating a car begins to do other things with his hands 
that take away his attention from safety and smoothness 
of the car, then the job is being poorly done. 
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Hand operation with proper kinds of movements can be 
much more accurate than can foot operation, and due to 
the flexibility of one’s hands, wrists, arms, and body one 
may make levers move accurately up and down in a verti¬ 
cal direction even though the body is not in a fixed position 
in a seat. 

Other problems remain yet to be settled. All of the new 
cars in use are front-entrance, center-exit cars. In Chi¬ 
cago a rear exit was also added. But the passengers still 
tend to concentrate in the front half of the car. It is quite 
likely that this is inescapable and that in two-man opera¬ 
tion it is necessary to have rear-entrance, center-exit, and 
front-exit, in order that the passengers may be permitted 
to move in the direction that is psychologically sound, and 
in which they are most easily trained, instead of trying to 
force the passengers to go back to alight at points farthest 
from the crosswalk. The street intersection seems to be 
their main objective. While passengers are waiting for a 
car they will move back toward a boarding point where 
the rear end will be because they are not wasting time in so 
doing. When they get off they wish to be at the nearest 
possible point to the street, intersection. It seems that 
this is too strong a tendency to overcome, and that reversal 
of the present movement for two-man cars will not only 
accomplish better distribution of the loads, but will also 
tend to reduce accidents within the car, because the pas¬ 
senger will be facing in a better direction for bracing him¬ 
self against acceleration or deceleration, and in one to 
which he has been accustomed over a long period of years of 
training. 

However, the car has been a notable success, and un¬ 
doubtedly large numbers will be built and used in many 
cities in modernization now underway. It seems quite 


important that electrical operation be retained in cities. 
Certainly the air in the streets is cleaner and better with¬ 
out the annoying fumes of gasoline driven units. Fortu¬ 
nately, on heavier lines electrical vehicles, either street 
cars or trolley busses, are more economical and perhaps it 
is much better to have transportation systems largely de¬ 
pendent on central station energy than to be dependent on 
gasoline or oil, which may become in a few years relatively 
more difficult to obtain and more costly in use. The 
source of gasoline is not unlimited. Of course, if Diesel 
engines can ultimately be developed to be utilized to ad¬ 
vantage, the increased use of Diesel oil will also cause a 
rise in price, but Diesel engines in city service need to be 
equipped as Diesel-electric type, which produces added 
complications. 

But electrically controlled vehicles served by central 
stations would have marked advantages from the stand¬ 
point of fumes, better heating, lighting and ventilation, 
lessened noise, greater dependability in power source, and 
they may also be made larger. Street cars and trolley bus¬ 
ses are permitted to be wider than gasoline driven busses 
because they cannot get away from their city streets into 
state highways, and when wider may have wider aisles, 
wider seats, wider doors, and generally better transporta¬ 
tion convenience for lines of frequent interchange of pas¬ 
sengers. 

The conclusion that should be reached from this discus¬ 
sion is that a process of change is going on. Moderniza¬ 
tion and improvement is vitally necessary, but accurate 
thinking indicates the need for care in making decisions. 
Sound transportation planning will utilize all the best 
ideas and will develop plans that will permit continuing 
modernization. 
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Thyratron Reactor Lighting Control 

By E. D. SCHNEIDER 

ASSOCIATE AIEE 


Synopsis: The introduction of electron tubes and power saturable 
reactors for the control of theater and mobile lighting has made 
possible the design and construction of lighting control equipment 
of greater efficiency and flexibility than was possible with the older 
methods of control. This paper describes some of the new equip¬ 
ment, systems, and practices. 

Several control systems for the pilot controller, the individual, 
and master units are described and illustrated. The basis for the 
intensity scale for the control units in the pilot controller is given. 

Introduction 

I N A PREVIOUS paper, 1 an electron-tube saturable- 
reactor circuit was described which has proved to be a 
basic element in the development of a system of 
theater-lighting control adaptable to a wide range of 
applications. In applying this circuit it has been possible 
not only to enlarge former systems of control, but also to 
develop new and more flexible systems which have proved 
to be of great practical value. It is the object of this 
paper to explain some of these systems and the charac¬ 
teristics of some of the component parts. 

The theater-lighting control equipment here described 
is made up of two basic parts, reactor groups and a pilot 
controller. The reactor groups consist of thyratron-tube 
panels, distribution panels, saturable reactors, and booster 
transformers, which regulate the amount of power sup¬ 
plied to the lamp circuits. These reactor groups can be 
located in any remote place, but are usually situated at a 
load center. The pilot controller is constructed in the 
form of a console or vertical panel from which the operator 
has control of all lighting circuits and is located in front 
of or at the side of the stage in order that the operator 
may see the lighting effects which are being produced. 

Control Units 

The pilot controller consists of individual intensity- 
control units, master intensity-control units, etc. The 
number of each used and their arrangement depends upon 
the control system employed and the number of lighting 
circuits. In each of these units there is a small lever or 
knob moving on a calibrated scale for controlling the light 
circuit intensity. 

An outstanding advantage of the thyratron-reactor 
control over resistance dimmers is the fact that the 
calibration of this intensity scale serves two purposes: 

1. It acts as an index or guide for resetting the lighting circuit and 
2. It is a true indication of the percentage of light intensity. 

This latter condition is based on an experimental deter¬ 
mination 2 of a series of reflecting surfaces which represent 
a series of equal differences in brightness sensation for the 
average observer. The intensity scales are arbitrarily 
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marked from zero to ten and correspond to equal divisions 
of brightness sensation, i.e., zero on the intensity scale 
indicates no light, five indicates 50 per cent brightness, 
and ten indicates 100 per cent brightness or maximum 
light output. Plotting light output in per cent lumens 
against the intensity scale gives the ideal curve (figure 1, 
curve A). Converting per cent lumens to volts for 
Mazda Clamps 3 provides a convenient basis of compar¬ 
ison for determining how closely control units give results 
approaching the ideal curve (figure 1, curve B ). 

By referring to illumination levels on a percentage basis, 
a new terminology is made available to the lighting di¬ 
rector since the calibration of the intensity scales is in 



Figure 1. Ideal and actual characteristic curves of individual 
control units 


A — Ideal, per cent lumens C—Resistance potentiometer 

3—Ideal, volts D—Solenoid potentiometer 

E — Induction voltage regulator 


units which are proportional to the brightness sensation 
of the human eye. 

Individual Intensity-Control Units 

1 . Resistance Potentiometer . A resistance potenti¬ 

ometer was used as the intensity control unit in the de¬ 
scription of the theater lighting control circuit previously 
referred to. The current drawn by this circuit from the 
intensity control unit is about three miUiamperes and 
hence a resistance potentiometer of small physical size 
and having a resistance of several thousand ohms can be 

Paper number 37-.174, recommended by the AIEE joint subcommittee on elec¬ 
tronics and presented at the AIEE winter convention, New Yoirk, N.‘. Y„ Janu¬ 
ary 24-28, 1938. Manuscript submitted October 29, 1937; made available for 
preprinting January 8, 1938. 
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A —Solenoid potentiometer type 



B —Induction voltage regulator type 



C—Master (above) D—Scene fader (below) 



Figure 2. Control units 


used. The potentiometer is usually mounted with the 
shaft perpendicular to the face of the unit so that the 
control knob is turned to control the lamp circuit intensity. 
•Uniform wire-wound potentiometers are usually used, and 
the intensity scale calibrated to correspond as nearly as 
possible to the ideal characteristic (figure 1, curve C). 

2 . Solenoid Potentiometer A Figure 2A illustrates a 
typical control unit using a solenoid potentiometer. 
Control of the lamp intensity is effected as follows: 


Figure 3. Con¬ 
nections of sole¬ 
noid potentiom¬ 
eter 


LINE 


SOLENOID< 
PR 


Mj CAPACITOR 


[lj CAPACITOR 


I TO 
>TUBE 
PANEL 


NEUTRAL 


Referring to figure 3, change of voltage between the B 
wire and neutral is obtained through the resonant rise 
and fall of voltage across capacitor B as the inductance 
of solenoid PR is varied from a low to a high value. That 
is, solenoid PR goes from series resonance with capacitor 
B into parallel resonance with capacitor A as the induct¬ 
ance of PR is increased. From the above description, it 
is evident that this intensity control consists of a regulating 
scheme similar to an ordinary resistance potentiometer 
but employing solenoid Pi?, capacitor A, and series 
capacitor B to control the voltage magnitude existing 
between the B wire and the neutral through the variation 
of the inductance of PR caused by the change in position 
of an iron core rather than by the change in position of a 
sliding contact. The intensity scale is uniform because 
the proper selection of solenoid coil and capacitors gives 
an intensity calibration (figure 1, curve D) which closely 
approaches the ideal characteristic. 

3. Induction Voltage Regulator , A control unit 
using induction voltage regulators is shown in figure 2B. 

The induction voltage regulator consists of a stator 
winding and a rotor winding. The stator winding, when 
connected to an a-c source, induces a voltage in the rotor 
winding depending upon the relative positions of the stator 
and rotor. In order to use an induction voltage regulator 
as an individual intensity control unit, it must be of 
small size. However, it has been impractical to build a 
regulator whose maximum rotor voltage is as high as that 
required by the tube unit. Therefore, to increase this 
voltage a transformer is connected between the rotor and 
the tube unit. The induction voltage regulator generally 
is not used singly, but in conjunction with similar regula¬ 
tors in preset control systems. As the curve of output 
voltage versus angular position of the rotor is sinusoidal, 
a uniform intensity scale can be used because the proper 
selection of mechanical linkage gives an intensity calibra¬ 
tion (figure 1, curve E) which closely approximates the 
ideal characteristic. 
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Master Intensity-Control Unit 

The master intensity-control unit is used to control a 
group of individual units or other master units. It usually 
consists of a toroidally wound adjustable autotransformer 
so arranged that power may be tapped from any turn of 
the winding. Any voltage from zero to full value may be 
obtained from this device with but small increments of 
voltage between steps. One form of a master in which the 
adjustable auto transformer is operated by a rack and 
pinion is shown in figure 2C. 
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Scene-Fader Control Unit 

The scene-fader control unit used in preset systems 
makes it possible for the operator to fade the light circuit 
intensities of one scene into those of another. It usually 
consists of an adjustable autotransformer similar to that 
used in the master unit, but mounted with shaft perpen¬ 
dicular to the panel (figure 2D). Instead of the lever a 




Figure 5. Pilot controller using rehearsal system 


small crank is used through reducing gears to slowly adjust 
the transformer. 

Systems 

As pointed out above, the pilot controllers consist of 
individual units, master units, switches, etc. In general, 
the systems of control for the pilot controllers are classified 
as rehearsal, preset, rehearsal and preset, or modifica¬ 
tions of these. 



Figure 4. Schematic of pilot controller—typical rehearsal 


system 


Rehearsal System 

In the rehearsal system, individual units are arranged 
in groups and may be controlled from a group (or color) 
master, and these masters may in turn be controlled from a 
grand master. Figure 4 shows, schematically, a typical 
rehearsal system. 

A contactor control may be included in the system, 
which provides a switching arrangement for circuit con¬ 
tactors so that, for example, all circuits connected to a 
group master may be turned off quickly and simultane¬ 
ously by putting the three-position switch in the group 
master in the “blackout” position. The pilot light on the 
individual uni t indicates when tb,e circuit contactor is 
closed. In figure 4 the contactor control is shown separate 
from the intensity control for clarity, whereas actually the 
functions of the two are combined. 

The individual units, illustrated as potentiometers, 
may be connected to the “off,” “intensity line bus,” or a 
“group master intensity bus” by their three position 
switches. The customary designations for these three 
positions are “off,” “unit,” and “group master,” respec¬ 
tively. In figure 4, circuit 6 is in the “off” position, 
circuit 4 is in the “unit” position, and circuit 5 is in the 
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Figure 7. Pilot controller—Rehearsal system with cross con 
trol between color masters and stage master 


“group master” position. As the lamp intensity of each 
circuit depends upon the voltage between the B wire and 
neutral N for the respective circuits, the lamp intensity 
for circuit 6 will be zero, for circuit 4 will depend upon the 
setting for that individual unit, and for circuit 5 will be 
proportional to the setting of that individual unit and 
group master 2. For example, if the individual unit and 
the group master are each set at one-half intensity posi¬ 
tion, the lamp intensity will be one-fourth. If units 4, 
5, and 6 are connected to the group master and one is set 
at full intensity position, another at one-half, and the 
third at one-fourth, then as the master unit is increased 
from zero to full, the intensity of each circuit will increase 
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group master connected to the grand master, will be 
proportional to the setting of the individual unit, the 
group master, and the grand master. For example, if the 
unit, group master, and the grand master each are set at 
half intensity, the lamp intensity of the lighting circuit 
will be V 2 X V 2 X V 2 = Vs- Units which are con¬ 
nected through the group masters to the grand master 
can be turned off by putting the two-position switch on the 
grand master in the “blackout” position. 

The pilot controller shown in figure 5, installed at the 
University of Iowa, consists of a grand master, six group 
masters, and six groups of eight individual units, each of 
the solenoid potentiometer type, using a system similar 
to that just described, except that an alternate master is 
provided and two-position switches on the individual 
units select the group master or the alternate master. 

A modification of the rehearsal system which increases 
the flexibility of a pilot controller is the addition of cross 
control between the individual units and the group 
masters, or between the group masters and the grand mas¬ 
ter. Figure 6 illustrates cross control between the in¬ 
dividual units and the group master. A two-position 
switch on each unit enables a selection to be made so that 
as the intensity lever on the master is moved in one direc¬ 
tion the intensity of some circuits increases while the 
intensity of other circuits decreases. This is accomplished 


by use of a transformer connected to the master as shown, 
so that as the voltage from the master increases the 
voltage from the transformer decreases. 

The pilot controller shown in figure 7, installed at the 
Stetson High School, Philadelphia, consists of a house 
master with two individual units of the resistance poten¬ 
tiometer type, a stage master, three color masters, and 
three groups of three individual units each. Cross 
control is provided between the color masters and the 
stage master. 

Preset System 

In the preset system, the circuit intensities for a future 
scene can be set in advance. Transfer from the present 
scene to the following scene is made by closing the proper 
scene-select switch and turning the fader to the new 
position. The lamp intensities of the present scene fade 
uniformly into that of the following scene .as the fader is 
turned. In this transfer the primaries of the voltage 
regulators 5 of the present scene are de-energized while the 
voltage regulators of the future scene are energized. The 
voltage from the secondary of the regulators depends upon 
the primary voltage and the angular position of the rotor 
with respect to the stator. For example, in figure 8 
suppose circuit 1 is set at one-half intensity in the present 
scene (scene 1) and is to be full intensity in the next 
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Figure 10. Pilot controller using rehearsal and three-scene preset system 
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scene (scene 2), and circuit 2 is at full intensity and is to 
be zero intensity in the next scene. The scene-select 
switches and fader are as shown, and it is seen that the 
primaries of the scene-1 regulators are energized and the 
other regulators are not energized. The scene-2 regulator 
for circuit 1 is placed in the full intensity position and the 
scene-2 regulator for circuit 2 is at the zero position. 
Then by turning the fader from A to B the voltage de¬ 
creases on the primaries of the scene-1 regulators from 
maximum to zero, and at the same time increases the 
voltages on the primaries of the scene-2 regulators from 
zero to maximum. The lamp circuit intensity for circuit 
1 has thus increased uniformly from one-half to full, and 
for circuit 2 has decreased from full to zero. All units 
of a given scene can be controlled by the scene master. 
For example, the scene-2 master can now be used to dim 
all units on scene 2. 

The scene-select switches in figure 8 are not required if a 
preset system for only two scenes is used. In this case 
each individual unit has but two voltage regulators for 
intensity control. The scene-1 regulator stators are 
energized and the scene-2 regulators de-energized when 
the fader is turned to the scene-1 position. On tinning 
the fader to the scene-2 position, scene-1 regulators are 
de-energized and scene-2 regulators are energized. Figure 
9 shows the pilot controller installed at Maple Leaf 
Gardens, Toronto, Ont., Canada, which is of this two-scene 
preset type. 



Figure 11. ’Schematic of pilot controller—rehearsal and 
three-scene preset system 


Preset and Rehearsal System 

An extremely flexible control system is made by combin¬ 
ing the rehearsal system and the preset system. Such a 
combination provides a single pilot controller having the 
advantages of both systems. A three-scene preset and re¬ 
hearsal control system is used in the pilot controller 
(figure 10) for the stage lighting circuits at the Metro¬ 
politan Opera House. The scene fader, scene-select 
switches, scene masters, stage masters, and. group masters 
are the same as in the previously described systems. 
Refer to figure 11. The individual control unit consists 
of thr ee induction voltage regulators and a three-position 
switch. Each of the three positions of the switch repre¬ 
sents three different connections of the individual control 
unit: (1) “unit,” wherein the circuit intensity is controlled 
only from voltage regulator number 1; (2) “group,” 
wherein the circuit intensity is controlled from voltage 
regulator n umb er 1, the group master, br the stage master, 
as in a regular rehearsal system; and (3) “preset,” 
wherein voltage regulators number 1, number 2, and 
number 3 are the intensity controls for scenes 1, 2, and 3, 


several modifications of these systems have been described. 
From the foregoing description of the various systems it 
may be seen that pilot controllers may be adapted to 
varying requirements for theater lighting control and 
furnish a wide variety of possibilities in the selection and 
production of lighting effects. 

Nomenclature—Schematic Diagrams 

2LXT—Extended control from remote blackout switch 

F «—Fuse in contactor coil circuit 

(rilfS—Grand master switch 

GSl —Switch on group master number i 

PL -—Pilot light 

R —Resistor 

C^NTROLrUNix Switch Positions 

BO —Blackout 
D —Down 
G —Group master 
GM —Grandmaster ' 

:M r—Master . 

0 V—off v ••••:•. \. \y v • : y. v y / *- . .v . 

P: --Preset • • 

u ... • ; •... v’V.y . • 


respectively. 


Summary 

Three types of individual intensity control units, a 
master intensity control unit, and a scene fader for use in 
theater-lighting pilot controllers have been described. A 
scientific basis for a rational marking of the intensity 
scales on the individual units has been given. Three 
basic systems of connections for pilot controllers ahd 
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Thyratron Control of D-C Motors 

By G. W. GARMAN 

ASSOCIATE AIEE 


Synopsis: This paper describes the characteristics of new thyratron 
circuits which have been developed for the control of direct current 
motors. By means of these circuits it is possible to hold constant 
motor speed, constant armature voltage, or constant relative speed 
between two systems. It is also possible to hold constant either an 
alternating or direct current voltage which is dependent on the speed 
or position of the armature of a direct current motor. 

Introduction 

T HE USE OF electron tubes in the industrial field has 
grown steadily for the last ten years. They have 
found their greatest application where other methods 
of control could not readily be used or were decidedly 
inferior. Speed control of d-c motors by means of thyra- 
trons is in direct competition with those using rheostats, 
vibrating contacts, and other similar forms of field control. 
The thyratron has the advantage of high efficiency, full 
control, and quickness of response. The small control 



Figure 1. Thyratron field-control circuit with solenoid control 


anode voltage. In most applications, since 230 volt 
motors are used, the range of control is the same, and the 
only variable is the maximum current to be controlled. 

A number of thyratron circuits have been developed 
both for the control of a-c and of d-c motors. Some 
utilize feed-back systems to hold the speed constant, but in 
general, their main function is to provide a smooth ad¬ 
justable control of the motor speed. There are, however, a 
large number of d-c motor applications where some type of 
feed-back system is necessary. 

This paper describes some of these feed-back control 
circuits and their characteristics. Where new circuits 



energy required, and the quickness of response greatly 
simplifies the design of precision control circuits and re¬ 
duces the problem of hunting. A further advantage, 
in comparison to the rheostat control, is that it is not 
necessary to make step-by-step calculations of resistor 
values to obtain uniform control throughout the entire 
speed range. In general, the power component of 
thyratron control circuits is limited only by the maximum 
current to be controlled, and the range of control required. 
The first dete rmin es the size of tubes and power trans¬ 
formers and the second determines the magnitude of the 

Paper number 37-175, recommended by the AIEE joint subcommittee on elec¬ 
tronics and presented at the AIEE winter convention, New York, N.Y., Janu¬ 
ary 24-28, 1938. Manuscript submitted October 30, 1937; made available for 
preprinting December 23, 1937. 
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were developed every effort has been made toward 
simplicity and to the use of the same fundamental ele¬ 
ments. These circuits can be divided into mechanical 
feed-back and electrical feed-back systems. In mechani¬ 
cal feed-back systems such as wire reeling applications 
where the tension of the wire is held Constant, the position 
of a solenoid is varied mechanically, such that the speed of 
the controlled motor will vary as the reel diameter changes. 
In dectrical-feed-back systems a voltage or current is 
used as a reference to maintain constant tension or speed 
or to hnld the speed of the controlled motor at some 
definite relationship with reference to the speed of an¬ 
other motor or system. 

Data for this paper were taken on a shunt motor rated 
* Control of Motors Transactions 335 




Figure 3. Thyratron field reducing control circuit with 
solenoid control 


was not present. The increased heating in the motor 
depends upon the percentage of ripple current, which in 
turn depends upon the reactance in the armature circuit, 
the number of phases in the rectifier circuit and the ripple 
voltage produced by phase control. The increased rise 
in temperature is illustrated by table I. 

It will be noted that the greatest rise in temperature 
o ccu rred in the interpole windings and was caused by in¬ 
creased core and copper losses. The field poles normally 

Table I. Temperature Rise in Degrees Centigrade; I 1 /g-Horse- 
power 230-Volt 500/1,500-Rpm Motor 


With Direct With Smoothing Without Smoothing 
Current Applied. Reactor. Reactor. 

100 Per Cent 100 Per Cent 75 Per Cent 
Rated Rated Armature Rated Armature 

Armature Current Current 

Current (Average Amperes) (Average Amperes) 


trtife arid one-half horsepower, 230 volts, 500/1,500 rpm. 
In d is c ussin g the characteristics of these circuits it has 
been assumed that these data are typical for the control 
of any d-c motor. Actually, of course, the characteristics 
of motors vary, but it is believed that their differences are 
no greater than the variations caused by changes in the 
various circuit values. 

Thyratron Power Circuit 

In t h ese feed-back circuits thyratrons are used as 
phase-controlled rectifiers for furnishing either the field 
excitation or the armature power. If the required speed 
range is narrow, field control is used and if wide or if time 
delay of the field circuit is objectionable, because of 
slowness of operation or increased tendency to hunt, 
armature control is used. In either case the voltage 
impressed on the motor is not continuous but has a large 
ripple component. The percentage ripple is still further 
increased by phase control. 

The effect of this ripple voltage is to increase the losses 
in the motor circuits. When used for field excitation its 
effect usually can be neglected because of the smoothing 
effect of the field inductance. A test on a one and one 
half horsepower motor indicated that the ripple voltage 
increased the field heating by less than two degrees centi¬ 
grade. 

When used for armature control this smoothing effect 
is not present and in addition current cannot flow from the 
thyratrons into the armature circuit until the impressed 
sinusoidal voltage becomes greater than the counter 
electromotive force. For this reason unless a smooth ng 
reactor is used the armature current may consist of a 
series of impulses which may increase sparking of the 
commutator and cause an abnormal temperature rise in 
the commu tator and particularly in the interpole wind¬ 
ings. In some cases for small motors of one horsepower 
and less, when a biphase rectifier was used, it has been 
found more economical to use a larger motor rather than 
to add a smoothing reactor. Tests indicate that for the 
same load the motor should be approximately 25 to 35 
per cent larger than that required if the ripple voltage 


Field windings.50 

Interpole windings.40 

Commutator.31 


,62.5, 
,42 , 
.31.5 


48 

,38 

,18 


All readings were taken by thermometer immediately after the motor was 
_tost. Binhase tvne rectifier used for thyratron power circuit. 


are not designed for the alternating flux produced by this 
ripple current. 

Even with a smoothing reactor the armature current 
may be discontinuous at light loads. As the load is in¬ 
creased a sudden change may occur in the armature volt¬ 
age when the current changes to a continuous value. One 
reason for this change is that due to regulation in the anode 
transformer the critical grid voltage curve is no longer 
smooth, but has a discontinuity when the anode current 
stops. Therefore, unless the control-grid voltage crosses 
the critical grid voltage vertically, there will.be an appar- 
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ent phase shift in the grid voltage which tends to suddenly 
increase the output voltage. By using a large inductance 
this discontinuity can be made to occur at such a low 
value of current that the control is not affected. Where 
it is impractical to use a large reactor there are two other 
methods which can be used to reduce the effect of this 
discontinuity to a negligible value. A resistor can be 
connected across the reactor or a phanotron tube can be 
connected across the output terminals of the rectifier cir¬ 
cuit. In the first case the transition point is raised above 
the maximum load current value, without seriously in¬ 
creasing the heating in the motor, and in the second case 
the phanotron, because of its low effective resistance, 
increases the time constant to such a value that the dis¬ 
continuity occurs at a very small value of current and has 
the effect of using a reactor of greater size. 


Figure 6. Motor- 
speed and arma¬ 
ture-voltage 
curves for figure 5 
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Control Circuit 

Numerous methods have been developed for varying 
the apparent phase of the thyratron grid voltage. One 
method is to superimpose a variable d-c voltage on a 
fixed a-c voltage; another is to vary the phase of a peaked 
voltage, but the simplest method is to use a sinusoidal 
voltage of adjustable on variable phase. The superim¬ 
posed control has the disadvantage, unless an amplifying 
tube is used, that the control voltage is so low that the 
variation in thyratron characteristics, caused either by 
changes in temperature or by usage, tends to limit their 
application or to have them discarded before their ulti¬ 
mate life was reached. With variable phase control the 
grid voltage can be made large enough to compensate for 
these variations. 

A common method of obtaining phase control is to use 
a variable reactor in a resistance-reactance bridge circuit. 
The variable-reactor method of control has the advantage 
that contacts are not required. If a small saturable 
reactor is used for the variable-reactance element its 
reactance can be smoothly varied by changing the saturat- 
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Figure 5. Thyratron armature-control circuit with solenoid 

control 


ing current. For mechanical feed-back systems the or¬ 
dinary solenoid is satisfactory for the variable-reactance 
element. 

If the reactance is varied from zero to infinity, the volt¬ 
age from the midpoint of the bridge power supply to the 
junction of the resistor and the reactor will vary from the 
in-phase position to 180 degrees lagging with reference to 
the applied voltage. If the thyratrons supply a resistance 
load this range of control is required. In d-c motor appli¬ 
cations there is always some reactance present which 
materially reduces this required phase angle shift. In 
addition, it is possible to still further reduce the required 
reactance change by partially tuning the reactor with 
capacitors. 

While the data for this paper were taken on a one and 
one-half horsepower motor, these feed-back control cir¬ 
cuits are not limit ed to motors of this size but can be 
applied to motors of any size, provided thyratrons of 
sufficient size are available. At the present time large 
thyratrons of 100 amperes rating require an appreciable 
amount of grid power. For this reason the elements in the 
control circuit must have an appreciably higher rating. 
The elements as described can be used to control the field 
excitation of motors up to approximately 100 horsepower 
and the armature power of motors up to three horsepower. 
Still larger motors can be controlled either by using 
small auxiliary thyratrons, or by controlling the field 
excitation of the generator in a Ward Leonard system. 

Antihunting Circuit 

In any feed-back system hunting may be caused by 
time delay in either the control or controlled circuit. It is 
more apt to occur as the difference in speed from no load 
to full load is decreased. A common method of eliminat¬ 
ing hun tin g is to slow the response of the control circuit 
sufficiently to allow the circuit being controlled to respond 
to the new condition. Slow-speed feed-back systems are 
inherently stable, but in high-speed systems it may be 
necessary to either decrease the rate of response or to 
provide an antihunting circuit. 

In electrical feed-back systems one method of .eliminat¬ 
ing hunting is to feed back into the control circuit a 
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Figure 7. Thyratron control panel for one horsepower d-c 
motor showing two thyratrons for armature control and two 
phanotrons for field excitation 


voltage which is proportional to the rate of change of one 
of the circuit voltages. This can be accomplished by 
impressing one of the circuit voltages on a resistor-capaci¬ 
tor circuit in which the voltage drop in the resistor varies 
as a function of the rate of change of the applied voltage. 
This particular method has been found satisfactory in 
electronic voltage regulators and to be equally as effective 
in the electrical feed-back systems described below. 

Mechanical Feed-Back—Solenoid Control 

The circuit of the simple mechanical feed-back system 
is shown in figure 1. In this circuit the excitation as 
furnished by the thyratrons is in the same direction as 
that obtained from the d-c power supply. Should a 
thyratron fail, the maximum speed of the motor is limited 
to that value as determined by the setting of the field 


rheostat and in normal application is approximately ten 
per cent above the normal maximum speed. The use of 
this separate source of excitation has still another ad¬ 
vantage in that the discontinuity in the field current as 
mentioned previously is eliminated. 

Referring to figure 2, curves A , B f and C show the varia¬ 
tion in speed for different settings of the solenoid, and 
curves A L , B l , and C l show the variation in the thyratron 
output or field voltage. By partially tuning the solenoid 
coil with capacitors, as shown by the dotted lines in figure 
1, it is possible to obtain the same degree of control with a 
smaller variation in the movement of the solenoid core. 
The untuned characteristics are shown in curves A and A 1 
and the limiting timed characteristics are shown in curves 
B and B\ The dotted curve .4 11 shows the effect of the 
separate field excitation in removing the discontinuity in 
the field voltage curve. Curves C and C l show how these 
characteristics may be modified still further by changing 
the value of the fixed resistor in the phase shifting circuit. 
While these characteristic curves are not linear, their 
departure usually will not cause any difficulties. In the 
few cases where a linear relationship is required a correct¬ 
ing cam can be used. 

As mentioned previously, the magnitude of the thyra¬ 
tron grid voltage must be large enough to compensate for 
variations in the critical grid voltage caused by usage and 
changes in temperature. It is possible to reduce the effect 
of these variations by replacing one of the thyratrons, 
figure 1, with a phanotron and to connect one side of the 
field circuit to the anode of the phanotron instead of to the 
midpoint of the anode transformer. In this way it is 
only necessary to control one tube. The secondary volt¬ 
age of the anode transformer is the same in both cases. 
This circuit has the disadvantage that the secondary 
current flows only fpr one half the time and in only one 
direction. In addition the circuit is slower to respond for 
a decrease in excitation because of the short circuiting 
effect of the phanotron. The anode transformer can be 
eliminated if the power supply voltage has the correct 
value. The circuit characteristics are similar to those 
shown in figure 2. 

In the control circuits just described the thyratrons 

were used to increase the 
field excitation. A failure of 
these tubes allows the motor 
to increase its speed to the 
value determined by the set¬ 
ting of the field rheostat. 
Even though the probabilities 
of a failure are rather re¬ 
mote, there are a few applica¬ 
tions where it may be desira-. 
ble to reduce the motor speed 
to its basic value if the 
thyratrons should fail to 
pass current. The elementary 
form of such a circuit is 
shown in figure 3. In this 
case the thyratrons control 
the field excitation indirectly 



Figure 8. Thyratron field-control circuit, (or holding constant speed 
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by varying the voltage drop in the field rheostat. With a 
failure of these tubes the motor speed will be reduced to 
its minimum value as determined by the setting of the 
field rheostat. The anode transformer must be designed 
correctly to limit the voltage applied to the field rheostat 
to such a value that the field current will not be reduced 
below its safe value, otherwise the motor will run away. 
The utility factor of this circuit is reduced because the 
change in motor field excitation is obtained indirectly. 
The maximum thyratron current will be approximately 
two times the rating of the motor field. The electrical 
characteristics of this circuit are shown by figure 4. 

The elementary diagram of an armature control circuit 
in which the solenoid can also be used to vary the output 
voltage is shown in figure 5. The field excitation can be 
obtained either from a separate d-c source or from another 
pair of phanotrons which can use the same anode trans¬ 
former for their source of voltage. 

When armature control is used, some means must be 
provided to prevent impressing full voltage suddenly on 
the armature. In some applications this protection is 
taken care of by using a pair of contacts on the solenoid 
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Figure 11. Char¬ 
acteristic curves of 
armature - control 
circuit, figure 10, 
showing speed 
regulation for 
different speed 
settings 
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that are connected in the coil circuit of an anode contactor 
and are closed only when the solenoid air gap is reduced 
to zero, corresponding to zero armature voltage. By 
means of an electrical interlock on the anode contactor, 
the contactor is held in the closed position after the motor 
is started. 

If this method of protection cannot be used a standard 
d-c motor starter can be substituted. In either case 
protection against overload and loss of field excitation can 
be applied in the normal manner. 

The characteristics of this type of control are shown 
in figure 6. A typical panel with two thyratrons for 
armature control and with two phanotrons for field exci¬ 
tation are shown in figure 7. An adjustable resistor is 
used in the phase-shifting bridge circuit to vary the range 
of control that can be obtained with the phase-shifting 
solenoid. The adjusting knob for this rheostat, the 
cathode time-delay relay, and the anode contactor are 
also shown on the front of this panel. The anode trans¬ 
former and smoothing reactor are usually wall mounted. 

These mechanical feed-back circuits have proved to be 
very useful in wore drawing, the making of celluloid, 
rubber and rubber fabrics, and other similar processes. 
In these applications the problem is to hold the tension 
constant as the material passes from one part to another 
part of the same machine, or from one machine to another, 
even though the driving speed of one part of the machine 

may vary. For example, if 

the material is being wound on 
a reel, it is necessary to change 
the speed of the reel-drive 
motor as the diameter in¬ 
creases. In this case the 
phase-shifting solenoid is me¬ 
chanically connected to a rider 
roll which rests on the material. 
If the tension is above normal, 
the rider will rise, thereby 
changing the solenoid air gap, 
which in turn either increases 
or decreases the thyratron out¬ 
put voltage, restoring the 
motor speed to the correct 
value. If the reel-drive motor 
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tends to run too slow, the tension will be decreased and the 
rider roll will lower, producing the opposite effect. The 
important point is that this type of control not only is 
capable of maintaining constant tension but also provides 
a synchronous drive. In some applications constant 
tension is of minor importance and synchronism is of 
major importance. 

Where constant tension is of importance the material 
being controlled must pass in a vertical plane either side 
of the rider roll so that the tension will always be 
equal to one half the unbalanced weight of the rider 
roll. In this case the only error is that due to friction 
and changes in the pull of the solenoid core. Normally 
the voltage applied to the solenoid coil is appreciably below 
its rated value for solenoid use and the change in pull from 
zero air gap to the maximum gap is less than two ounces 
and can usually be neglected. 

Electrical Feedback— 

Saturable-Reactor Control 

The previous discussion has covered the use of thyra- 
trons for controlling either the field excitation or the arma¬ 
ture power of d-c motors in which a mechanical feed-back 
control system has been used. There are many other 
applications where it is desirable to maintain constant 
speed, constant armature voltage, constant field voltage, 
to control a motor as some function of either a d-c or an 
a-c voltage, or to maintain approximate synchronism 
between two different systems by means of pilot genera¬ 
tors. In the following circuits a small saturable reactor 
is used in place of the solenoid-type reactor. A suitable 
reactor is one that a change from zero to three milli- 
amperes in the d-c winding will vary the reactance of the 
a-c winding from 1,000 to 10,000 ohms. If the a-c coils 
are connected in series this change in reactance can be 
obtained within a few cycles referred to a 60-cycle power 
supply. Since this reactor will have the same a-c im¬ 
pedance for a given saturating current of either polarity, 
it is necessary to limit current flow to one direction by 
connecting a unidirectional device such as a copper oxide 
rectifier or a rectifying tube in series with the d-c winding. 

The elementary diagram of a field-control circuit for 
holding constant motor speed is given in figure 8. As shown 
the speed determining means is a pilot generator and the 


standard of reference is the voltage drop in a potenti¬ 
ometer. In normal operation the voltage of the pilot 
generator will be slightly greater than the voltage ob¬ 
tained from the potentiometer. If the load on the motor is 
increased the accompanying decrease in speed will be re¬ 
flected by a decrease in the voltage of the pilot generator, 
which in turn will decrease the current through the d-c 
winding of the saturable reactor. This reduction in the 
saturating current will reduce the thyratron output or 
field voltage, thereby restoring the speed to approximately 
its previous value. If the load on the motor is decreased, 
the accompanying rise in speed will have the opposite 
effect. The speed never will be restored to exactly its 
previous value, when a change in load occurs, because 
there always must be a change in the relative voltages of 
the potentiometer and the pilot generator in order to 
produce the necessary change in the saturating current. 
With the correct saturable-reactor design a small voltage, 
when impressed on the d-c winding, is sufficient to vary the 
thyratron output voltage from zero to a maximum. By 
adjusting the arm of the potentiometer the speed of the 
motor can be held constant within a few per cent from no 
load to full load over its entire speed range as shown in 
figure 9. It will be noted that the change in speed from 
no load to full load for the lowest speed curve was between 
five and six per cent. This abnormal change was due to the 
fact that the thyratron output voltage was near its maxi¬ 
mum value. The d-c voltage for the speed adjusting 
potentiometer can be obtained either from a suitable 
d-c voltage source or from the voltage of another pilot 
generator which is connected to another system. In this 
way the relative speed of two independent systems can be 
held approximately constant. 

Hunting is prevented by means of capacitor C2 and 
resistor i?3. Resistors Rl and R2 together with capacitor 
Cl have been added to reduce the effect of the field ripple 
voltage. 

In certain processes such as the making of incandescent 
lamp bulbs an adjustable wide range of speed control is 
required in which the speed variation from no load to full 
load is a minimum. The elementary diagram of the 
armature control, figure 10, fulfills these requirements. 
Again the control elements are the same, including the use 
of the antihunting capacitor. The characteristics of this 
circuit are shown in figure 11. 

These two circuits, figures 8 and 10, have been used for 



controlling the speed of high- 
frequency generators and con¬ 
veyor systems and could prob¬ 
ably be used in a great many 
similar applications. Up to 
the present time insufficient 
data on the characteristics of 
these circuits has materially 
limited their application. 

In certain applications such 
as the control of small wood- 
turning lathes, an adjustable 
speed-control system is very 
desirable. The circuit shown 
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in figure 12 provides an ad¬ 
justable source of power for 
the armature, and excitation 
for the field. The control cir¬ 
cuit is the same as that shown 
in figure 10 except that the 
voltage applied to the speed- 
control potentiometer is ob¬ 
tained from the field circuit. 
Due to regulation in the anode 
transformer the change in speed 
from no load to full load is 
greater than that shown in 
figure 11. If better regulation 
is required, power for the po¬ 
tentiometer can be obtained 
from a separate direct current 
source or from a small recti¬ 
fier. The effect of this regula¬ 
tion is shown in figure 13. 



In all of the motor-control circuits which have been dis¬ 
cussed the problem was primarily that of either maintain¬ 
ing a definite speed relationship between two systems or of 
maintaining constant motor speed. The third general 
classification is the control of a d-c motor as a function 
of either an a-c voltage or a d-c voltage which is dependent 
upon the speed or position of the motor. The control of 
either an arc furnace or an automatic arc-welding head 
fall in this class. The problem in either case is to main¬ 
tain constant either the arc voltage or the arc current. 

The present mechanical method of arc-furnace control is 
to uso either a contact making ammeter or contact making 
voltmeter together with reversing contactors. These 
contactors are required to operate a large number of times, 
consequently the wear is great. Somewhat the same 
situation applies for automatic arc welding heads but in 
addition either alternating current or direct current may 
be used. The circuit shown in figure 14 has been devel¬ 
oped for either atomic or metallic arc welding. In this 
application a small d-c motor is used to feed the electrode 
wire to the arc. Since this motor is small only two thyra- 
trons are required to run the motor in either direction 
while two pairs of thyratrons are required to control each 
motor of an arc furnace. 

Referring to figure 14, two small saturable reactors are 
used to control the two thyratrons. With equal satura¬ 
tion in the two reactors each thyratron will pass the same 
amount of current, but of opposite polarity. In this case 
the average value of the torque in the motor will be zero. If 

the saturation of one reactor is greater than that of the other _ 

the motor will run in one direction at a speed determined by B, C # and D snow 
the difference in saturation. Conversely, if the satura- voltage regulation 
tioii is in the reverse order, the motor will run in the 
opposite direction. The saturation current is controlled 
by means of a duotriode which has two anodes, two grids, 
and a common cathode. 

In normal operation the arc voltage, either alternating 
or direct current, is rectified by means of tube 2 and 
impressed on grid number 1 of the duotriode. If the 
arc voltage is above normal, as determined by the setting 


of the voltage adjusting potentiometer, the saturating 
current through the “up” reactor will decrease, thereby 
reducing the current through the “up” thyratron with the 
result the motor armature will run in the down direction. 
The accompanying reduction in current through resistor 
R2 increases the bias on the grid number 2 in a positive 
direction tending to still further saturate the down 
reactor. If the arc voltage is low the “up” reactor will 
become saturated and the motor armature will run in the 
reverse direction. Due to the unbalancing effect of resis¬ 
tor R2 a variation of several per cent in the arc voltage is 
sufficient to cause the motor armature to run at full speed 
in either direction. In atomic welding the electrodes 
burn away so slowly that the motor armature normally 
stands still. In metallic arc welding the welding electrode 
bums away much faster and in normal operation the 
armature gradually turns in the downward direction, but 
can if necessary run from zero to full speed in either di¬ 
rection. While hunting is normally not present over¬ 
control is materially reduced by means of transformer T2, 
which introduces a retarding voltage into the grid circuit 
when a change occurs in the motor speed. The circuit 
will respond to a change in arc voltage within a few 
cycles referred to a 60-cyde power supply. Experience 


Figure 13. Char¬ 
acteristic curves of 
the armature-con¬ 
trol circuit, figure 
12. Curves A, 


when field volt¬ 
age was used for 
control. A'/ B', 
C', and D' show 
voltage regulation 
when separate d-c 
voltage was used 
for control 
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from a limited number of applications indicates that this 
type of control offers many advantages in comparison to 
some of the existing mechanical methods. This circuit 
responds within a few cycles, referred to a 60-cyde power 
supply, to a change in arc voltage, and can be used for 
either atomic or metallic arc welding when either direct 
or alternating current is used. 

Conclusion 

There are a large number of applications in the industrial 
field that require smooth control of d-c motors. New 
circuits are now available which utilize the thyratron with 
its inherent advantages which are high efficiency, full con¬ 
trol with the minimum of control energy and quickness of 
response. The elements of these circuits are simple, 
easy to service, and of conventional design and conse¬ 
quently the circuits are easy to apply. It is possible 
by means of these circuits to maintain constant speed 
and constant relative speed between two systems. It is 
also possible to hold the voltage or current constant in an 
arc furnace or in an automatic arc welding head. 

The use of these circuits in no way limits or alters the 
use of conventional d-c motor starting on protective sys¬ 
tems. These circuits should not only be competitive, 
but should accomplish results that are difficult if not im¬ 
possible to obtain with existing mechanical methods. 

In the past, cost of the control and lack of confidence 
have been limiting factors in the application of thyra- 
trons to the control of d-c motors. With increased use 
and refinements in design the cost will be reduced. 
Experience has already indicated that confidence in this 
type of control is increasing as thyratron control is being 
used with complete success at the present time in certain 
processes in which a failure of either the control or the 
thyratrons would cause a shut down of the entire system. 
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Discussion 

A. J. Williams, Jr. (Leeds and Northrup Company, Philadelphia, 
Pa.): I was much interested in Mr. Garman's paper, particularly in 
certain passages referring to antihunting devices which, however, I 
do not believe he mentioned in his oral presentation. 

Several years ago my company had the problem of using a con¬ 
stant frequency source of low power level to control a d-c to a-c con¬ 
verter. One possibility was the use of a thyratron inverter, but for 
the type of application involved a motor generator seemed better 
suited since the tube capacity was less, since the output voltage could 
be made independent of d-c line voltage, and since a tube failure would 
cause only a loss of constant frequency and not a complete loss of 
voltage. 

We used a shunt motor with thyratron control on the field. The 
thyratron was supplied with alternating current on the plate from the 
self-excited alternator and alternating current on the grid from the 
constant-frequency source. In operation, if the machine slowed 
down, the plate voltage increased its lag with respect to the grid volt¬ 
age, more current was passed which weakened the motor field so 
restoring the phase in part and the speed completely. 

We found that full-load variation could be taken care of readily 
but that the permissible variation in the d-c line voltage was not very 
great due to the inherent characteristics of a shunt motor with more 
or less saturation in the field. Anything which increased the range 
of line voltage stiffened the phase control and increased the tendency 
to hunt. There was a definite limit which could not be exceeded. 

Our next step was to build in an antihunting system. I will not 
describe this. However, what I do want to mention is the very 
gratifying results which were obtained from the use of the system. 
The permissible variation in d-c line voltage was increased by a factor 
of four. 

In closing, therefore, I want to repeat that I was much interested 
with the short passages in Mr. Garman's paper which referred to anti¬ 
hunting devices and from my own experience, I highly recommend 
their use for difficult control problems. 


G. W. Garman: The prevention of hunting or its elimination as 
discussed by Mr. Williams, in any closely regulated system, can be 
a major problem in itself. It can be dealt with only in generalities, 
except in special cases where all of the constants of the system are 
known. In a large number of industrial applications, it is sufficient 
to hold the speed of the controlled motor within one of two per cent, 
as the load of the motor is varied from its no-load to its full-load 
value. In these applications hunting can be prevented by the 
methods illustrated in the paper. In those applications where the 
speed must be held constant within less than one-half of one per cent, 
the problem of hunting or of speed variation may become more 
serious, as other factors, which normally have little effect, now be¬ 
come of importance. 

For example: Normally we think of the voltage of a d-c pilot gen¬ 
erator as being continuous, except for the girmll ripple voltage pro¬ 
duced by the commutator segments, the effect of which can be elimi¬ 
nated by means of a filter circuit as the equivalent frequ en cy is high. 
However, the ripple voltage caused by an eccentric armature, even 
though it is very small, may be sufficient to produce an objection¬ 
able variation in the speed of the controlled motor. In addition, it 
may be difficult to determine whether motor speed variations of this 
type are caused by an unstable control circuit or by some other fac¬ 
tor such as variations in the pilot generator voltage. 

It is largely through experience that we learn to appreciate the ef¬ 
fect of some of these factors, which normally are negligible, and there¬ 
fore are able to solve satisfactorily these more difficult problems. 
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Electronic Speed Control of Motors 


By E. F. W. ALEXANDERSON M. A. EDWARDS C. H. WILLIS 

FELLOW AIEE NONMEMBER AlEE MEMBER AlEE 


I N THE EARLY years of the electrical industry there 
was no acceptable a-c motor. After the development 
of the induction motor and the synchronous motor 
two machines were available which are unsurpassed in 
simplicity, reliability, and economy. These motors are, 
however, both inherently constant speed machines. In 
later years, a variety of a-c motors have been developed 
and a number of these have had adjustable or variable 
speed characteristics. There is, however, as yet, no ad¬ 
justable-speed a-c motor so flexible as the Ward-Leonard 
combination, and there is still room for much improve¬ 
ment in adjustable speed a-c motors. 

The development of power tubes provides a new ap¬ 
proach to the problem of variable-speed motors. This 
appears to be one of the most promising fields for large 
tubes and rapid progress may be expected in this direction. 
It is the purpose of this paper to outline briefly some of 
the more promising methods of using tubes to control 
the speed of a motor. A great variety of combinations 
may be produced, and there will be no attempt to give a 
complete discussion of this field. The arrangements de¬ 
scribed, are some of the simplest combinations and provide 
attractive characteristics. 


Thyratron Motor 


Those familiar with the art will recognize that a start has 
already been made in using power tubes to control the 
speed of an a-c motor. The first tube motor to be de¬ 
veloped in America was constructed as a synchronous 
motor and employed a group of 18 thyxatrons as a com¬ 
mutator. 1-8 The Appalachian Electric Power Company 
has been operating a 400 horsepower motor of this type 
for over one year. The characteristics and operation of 
this motor are fully discussed in other articles. 2- * 4 It is 
therefore not necessary to dwell further on this method 
of using thyxatrons to produce an adjustable-speed motor. 


Rectifier Speed Control for 
Wound-Rotor Induction Motor 

The wound-rotor induction motor with secondary re¬ 
sistance has been used as an adjustable-speed drive in 
many applications. There are, however, two well-known 
disadvantages to this use of the induction motor: first, 
the efficiency of the motor is reduced in proportion to the 
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speed reduction; second, the motor has poor speed regu¬ 
lation with load at reduced speeds. It is possible to im¬ 
prove the operation of this motor at reduced speeds by 
substituting a rectifier and d-c motor for the secondary 
resistance. This combination of induction motor, rec¬ 
tifier and d-c motor is quite similar to a Kraemer drive. 
The d-c motor may be used to help drive the mechanical 
load, or to drive an auxiliary a-c generator which returns, 
to the supply system, the power recovered from the in¬ 
duction-motor secondary. 

Speed adjustment of the induction motor is obtained 
through the field of the d-c machine. The action is as 


LOAD 


WOUND-ROTOR 
INDUCTION MOTOR 


jH#c 



3-PHASE SUPPLY 
3-PHASE, FULL-WAVE RECTIFIER 

Figure 1, Circuit dia¬ 
gram of a rectifier and 
d-c motor as used to con¬ 
trol the speed of awound- 
rotor induction motor. 
D-c motor connected to 
shaft of a-c motor 



follows: assume that the d-c motor in figure 1 is operating 
at constant speed and with a given field excitation. It 
has then a definite counter electromotive force and the 
rectified d-c voltage must match this before current can 
flow. The d-c voltage of the rectifier bears a definite 
ratio to the alternating voltage applied to the rectifier 
which, in turn, is determined by the slip of the induction 
motor. If, therefore, the a-c motor be operating at syn¬ 
chronous speed it must slow down until the secondary 
induced voltage is sufficient, when rectified, to match 
the voltage of the d-c machine. Any further reduction 
in the speed of the induction motor will cause a current 
to flow in its secondary and produce a corresponding in¬ 
duction-motor torque, In this manner the induction 
motor operates at an approximately constant speed or 
slip determined by the counter electromotive force of 
the d-c motor. 

- It is evident from the unidirectional character of a 
rectifier that a small increase in the speed of the a-c 
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motor does not result in a reversed torque. Dynamic 
braking will, however, occur if the speed of the induction 
motor exceeds the synchronous speed by a slip equal to 
the slip required for motor action. 

Apparatus Economy 

The principal advantage of the rectifier control arises 
from the fact that the operation and rating of the rectifier 
are quite independent of the frequency. The rating of 
the rectifier must approximately equal that of the induc¬ 
tion motor. The size of the d-c machine however will be 
determined by the speed variation required. In case 
the d-c motor is connected to the same shaft as the a-c 
motor the approximate rating of the d-c motor may be 
obtained from the relation, 

( 1 ) 


operates at a low speed or when its location is such that it 
is inconvenient to connect the auxiliary d-c motor to its 
shaft. 

When an a uxiliar y motor-generator set is used M y the 
ratio of the rating of the d-c motor to the rating of the 
main motor is 


M < 


- 1 


( 2 ) 


M 


- 1 


where a represents the ratio of the ma xi m um to the mini¬ 
mum speed required and M, the ratio of the rating of the 
d-c and a-c motors. For a two-to-one speed ratio the 
d-c motor must equal the a-c motor in capacity. 

When the d-c motor is connected to the shaft of the a-c 
machine, we avoid the necessity of an auxiliary a-c gener¬ 
ator. The d-c motor is, however, used less effectively at 
the lower speeds. If the speed range is greater than two 
to one it will be more economical to absorb the output of 
the rectifier in a constant speed d-c motor, connected to an 
a-c generator, to form an auxiliary motor-generator set. 
A motor-generator set may be preferred if the main motor 



20 40 60 80 100 

PER CEMT OF FULL-LOAD TORQUE 


120 



where a as above is the ratio of the maximum to minimum 
speed. For a two to one speed control the d-c motor 
must be half the rating of the main a-c motor. The a-c 
generator in the auxiliary motor-generator set must be 
large enough to return the power recovered to the supply 
system. In case of a constant-torque load the a-c gener¬ 
ator must have approximately the same rating as its d-c 
motor. If, however, the load torque decreases with speed 
as in a fan drive the a-c generator may be considerably 
smaller than the d-c motor. At high speeds the d-c 
machine delivers very little power because it has a weak 
field. At low speeds the d-c motor furnishes little power 
because it has a small current. 

Wye-Delta Secondary Connection 

When the load and therefore the current decreases as 
the speed is reduced it is possible to extend the range of 

FIELD RHEOSTAT 



Figure 2. Speed-torque characteristics of a wound-rotor 
induction motor with rectifier speed control 


Figure 3. Torque 
available at rated 
current when in¬ 
duction - motor 
speed is reduced 
by rectifier and 
d-c motor con¬ 
nected to shaft of 
a-c motor. 
Speed control 
partly by d-c 
motor field and 
partly by recti¬ 
fier phase control 


50 60 . 70 80 90 100 

PER’CENT SYNCHRONOUS SPEED 


Figure 4. Circuit diagram of a d-c motor operating from a 
phase-controlled rectifier. Three-phase full-wave rectifier 
with half-wave phase control shown 


speed control by changing the induction-motor secondary 
from a wye to a delta connection at some reduced speed. 
In this way a greater speed range may be obtained from a 
given d-c motor. 

Circuit Diagrams and Characteristics 

There is given in figure 1 a circuit diagram for a three- 
phase full-wave rectifier as used to control the speed of a 
wound-rotor induction motor. The d-c motor is here 
shown connected to the shaft of the a-c motor. The same 
rectifier circuit may be used with an auxiliary motor- 
generator set. The curves on figure 2 show the speed- 
torque characteristics of the motor shown in figure 1. 
The speed-torque curves with an auxiliary motor-gener¬ 
ator set are similar. 

In taking data for the curves shown, a 25-horsepower 
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Figure 5. Curves showing the 
operation of a three-phase full- 
wave rectifier with full-wave 
phase control 


Figure 6. Curves showing the 
operation of a three-phase full- 
wave rectifier with half-wave 
phase control 
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Starting 

When starting an induction 
motor which operates with a 
secondary rectifier for speed 
control, the starting current 
may be limited by series re¬ 
sistance in the a-c lines. A 
somewhat simpler arrangement 
would employ a resistance in 
the d-c lines. If there is an 
auxiliary motor-generator set 
which can be started before 
the main motor, no other 
starting device is necessary. 
The counter electromotive 


motor with a 110-volt three-phase secondary winding was 
used. The secondary voltage of this motor was too low 
to rectify efficiently. This difficulty may be encountered 
in some motor designs, but it seems possible to obtain 
motors of 50 horsepower or greater with a secondary volt¬ 
age high enough to rectify economically. 

In the case of the 25-horsepower motor the secondary 
voltage was stepped up to 1,100 volts by means of auto¬ 
transformers. This device would be expensive and can¬ 
not be considered typical. The use of the transformers in 
the tests increased the full load slip somewhat but other¬ 
wise did not materially affect the operation. 

Phase Control of Rectifier 

It is evident that, by phase controlling the rectifier, it 
is possible to extend the range of speed control. The 
curves in figure 3 show the variation of torque with speed 
for an induction-motor control with constant effective 
current in the primary of the induction motor. In ob¬ 
taining data for these curves the d-c motor was connected 
to the shaft of the induction motor. This accounts for 
the increasing torque available as long as, the speed is re¬ 
duced by motor field control. It is evident from the curve 
shown in figure 3 that the motor torque, available at rated 
current, decreases rapidly if the speed is reduced by phase 
control of the rectifier. When an auxiliary motor-gener¬ 
ator set is used, phase control of the rectifier causes the 
main motor to operate even less effectively than as shown 
in figure 3. 


force of the d-c machine, acting with the inherent im¬ 
pedance of the induction motor will limit the starting cur¬ 
rent to a moderate value. 

Phase-Controlled Rectifier and D-C Motor 

The d-c motor has long been the standard of excellence 
as an adjustable-speed drive, but its use is limited because 
of the prevalence of a-c power. When a motor-generator 
set is used for converting from a-c to d-c power the Ward 
Leonard combination gives a flexibility and range of 
speed control difficult to equal. The cost or low appara¬ 
tus economy of the Ward Leonard combination is its 
greatest limitation. 

There is little or no novelty in supplying a d-c motor 
from a rectifier and varying the speed by field control. 
When, however, the motor and rectifier are considered as 
a unit, a new degree of freedom may be introduced in 
varying the armature voltage by phase control of the 
rectifier. This combination permits a greater range of 
speed adjustment than can be economically obtained by 
field control alone. In the upper part of the speed range 
where the power required is a considerable portion of the 
motor rating, field control is desirable because this will 
give the highest efficiency and power-factor. For the 
lower speed ranges, phase control of the rectifier, to give 
a reduced armature voltage is desirable. The low effi¬ 
ciency and power-factor produced by phase controlling 
the rectifier are of little consequence at the low speeds 
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Figure 7. Curves showing the variation of rectifier voltage 
with grid phase angle for a three-phase full-wave rectifier with 
full-wave phase control 

because of the reduced power. By combining field con¬ 
trol pf the motor and grid-phase-control of the rectifier 
it is possible to obtain a 100 per cent speed range (zero 
to rated speed) with a motor of moderate size, and without 
unduly increasing the losses and reactive power of the 
rectifier. 


control which is somewhat simpler. The curves given 
in figures 5 and 6 show the operation of a three-phase full- 
wave rectifier with full-wave and half-wave phase control, 
respectively. It is important to note that with full-wave 
phase control, and more than 60 degrees phase shift the 
voltage applied to the d-c circuit reverses during part of 
the time as shown in figure 5C. This causes low power- 
factor current in the a-c circuit. 

When half-wave phase control is employed the voltage 
applied to the d-c circuit may go to zero but it never re¬ 
verses. If the conducting period of the tubes is delayed 
more than 60 degrees there comes a time when the positive 
and negative tubes of the same phase are conducting si¬ 
multaneously as shown in figure 6 C. During this in¬ 
terval the a-c circuit is effectively disconnected, and the 
d-c circuit is operating from the energy stored in the d-c 
reactor. If the a-c circuit were connected during this 
time its voltage would be of the wrong polarity. It is 


Three-Phase Full-Wave Rectifier Circuit 

Any convenient rectifier circuit may be employed. 
Where three-phase power is available the three-phase full- 
wave rectifier circuit gives the best apparatus economy. 
If the three-phase power is available at a voltage between 
220 and 600 volts, this rectifier circuit may be operated 
from the a-c lines without rectifier transformers and the 
d-c voltage produced will be between 250 and 800 volts. 
The full-wave rectifier is penalized at low voltage by hav¬ 
ing two tubes in series and therefore a high arc drop loss. 
This objection is, however, more than compensated for, 
by the elimination of rectifier transformers, even though 
the operating voltage is as low as 220 volts. 

The rectifier should be connected to the a-c power 
supply through line reactors as shown in figure 4. These 
reactors are very useful in suppressing current and voltage 
harmonics, and also serve to limit the fault current in 
case of an arc back or other failure. The three-phase 
full-wave circuit is attractive in view of the fact that line 
reactance is twice as effective in limiting the short-circuit 
current of the a,-c system, as in producing regulation of 
the d-c voltage. A ten per cent reactance in the a-c lines 
produces only five per cent regulation of the d-c voltage, 
but limits the current to ten times normal in the case of a 
three-phase short-circuit. 

Half-Wave Phase Control 

In the circuit diagram shown in figure 4, phase control 
is applied to only half of the rectifier tubes. This arrange¬ 
ment is quite desirable. For lack of a better description 
this operation may be called half-wave phase control of a 
full-wave rectifier. This method of phase control is su¬ 
perior to the full-wave phase control where all tubes are 
controlled, in that it produces lower reactive kilovolt- 
amperes and smaller harmonic currents in the a-c supply 
system. The advantages of half-wave phase control 
are greatest a;t low d-c voltage. 

The operation of a rectifier with half-wave phase control 
is best explained by comparison with full-wave phase 
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ANGLE OF GRID RETARDATION-ELECTRICAL DEGREES 

Figure 8. Curve showing the variation of rectifier voltage 
with grid phase angle for a three-phase full-wave rectifier with 
half-wave phase control 

therefore better that the a-c circuit be effectively dis¬ 
connected. 

When a three-phase full-wave rectifier with full-wave 
phase control is employed E^ the d-c voltage is given ap¬ 
proximately by the relation 

E dc = 1.35 E l ^cos 6 — — 2e t (3) 

where El is the effective a-c line voltage, 0 is the angle by 
which conduction of the tubes is delayed by grid control, 
e t is the arc drop of one tube, Jo is the rated current, I is 
the actual current in the d-c circuit, and X is the per-unit 
reactance in the a-c lines. It is evident from this relation 
and from the curves of figure 5 that the d-c voltage is 
zero when the phase shift 0 is 90 degrees. The relation 
(3) assumes that the current in the d-c circuit is continu¬ 
ous but it is evident that as the d-c voltage is decreased 
the ripple voltage increases. The current in the d-c cir¬ 
cuit will, therefore, become discontinuous at some reduced 
voltage, depending on the size of the d-c reactor and the 
load current. The average voltage in the d-c circuit will 

then depart from the curve determined by relation ($), be¬ 
cause this relation assumes a continuous current and does 
not hold when the current is intermittent. 

Figure 7 shows a typical phase-control curve for a three- 
phase full-wave rectifier operating with full-wave phase 
control. The data for the curve was taken with a re- 
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sistance load in the d-c circuit. If there had been a coun- A possible objection to the use of a rectifier with half- 
ter electromotive force load the current would have be- wave phase control arises from the fact that the positive 
come intermittent at a higher voltage. and negative current waves are not symmetrically spaced. 

When the voltage applied to the grid circuit of the Either the positive or negative current wave is displaced 
tubes is sinusoidal a phase shift of more than 180 degrees because of phase control. This leads to even harmonics 
causes the tubes to be started at the normal time by the in the supply current. These even harmonics do not, 
lagging tip of the grid-voltage wave. A phase shift of however, increase the effective value of the harmonic 
more than 180 degrees therefore, restores full d-c voltage, current but the even harmonics replace odd harmonics 
as shown in figure 7. which would be present if the rectifier were operated 

When a thr ee-phase full-wave rectifier is operated with symmetrically. The resulting harmonic current in the 
half-wave phase control, E dc the d-c voltage is given ap- supply circuit is never greater with half-wave phase 
proximately by the relation. control than it would be if full-wave phase control were 

/ ’ * employed. At low d-c voltages the resulting harmonic 

f cosfl-hl)-^y J current is lower with half-wave phase control than with 

E dc = 1.35 Ej, ---—— - 2e (4) full-wave phase control. With this picture of the opera- 

~ tion of half-wave phase control we may return to a con- 

where, as above E L is the effective a-c line voltage, 6 is the sideration of a d-c motor operating from a phase-controlled 
angle by which the conduction of the tubes is delayed by rectifier, 
grid control, e t , is the arc drop of one tube, I 0 is the rated 

current, I is the actual current in the d-c circuit, and X gjpple Current in Armature Circuit 
is the per unit reactance in the a-c lines. In case half¬ 
wave phase control is employed the grids must be shifted If the conducting period of a rectifier is delayed by 
180 degrees to reduce the d-c voltage to zero, as may be grid control, the average voltage in the d-c circuit is re- 
seen from relation (4) and the curves of figure 6. duced but the deviation of the instantaneous voltage from 

The curve of figure 8 shows the variation of d-c voltage the average or d-c voltage is greatly increased. This de- 

with grid angle when half-wave phase control is employed, yiation of the instantaneous from the average voltage is 
The data for figure 8 was taken with the same load and usually referred to as the ripple voltage. The increase 
rectifier circuit as for figure 7, except that half-wave phase 0 f ripple voltage with phase control is obvious in figures 
control was used when taking data for figure 8. 5 and 6. The ripple voltage produced by the rectifier 

It is evident from the curve in figure 8 that with a causes a current ripple in the d-c load circuit. An induc¬ 

tive reactance is frequently used to reduce the magnitude 
of this ripple current. 

When the phase-controlled rectifier is supplying a d-c 
motor, commutation will limit the magnitude of the ripple 
current permissible. The inductance required for the 
d-c circuit may be determined from the relation 

J?£- (5) 

dlgin 
dt 

where 

dlatn . 

E r .« the maximum ripple voltage produced by the rectifier; is 

the maximum rate of change of armature current consistent with 
good commutation. 

The maximum permissible rate of change of armature 
current can be determined from the motor design. 



Figure 9. Oscillogram showing voltage impressed on motor 
Held, trace A, field current, trace B, and voltage induced in 
armature at rated speed, trace C> when the field of a d-c motor 
is supplied from a three-phase half-wave rectifier 


sinusoidal grid voltage full d-c voltage is restored by a grid 
shift just a little greater than that necessary for zero d-c 
voltage. This becomes a hazard when operating at a very 
low d-c voltage, unless some type of self-biasing grid 
circuit be used so that the positive voltage wave on the 
grid is shorter than the negative voltage wave. Even 
with a self-biasing grid circuit too great a phase shift 
Tvill cause the d-c voltage to increase abruptly to its 
maximum value. 
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Figure 11, Speed-armature-current characteristics for a d-c 
motor operating from a three-phase full-wave rectifier with 
half-wave phase control 


Field Excitation for D-C Motor 

When operating a d-c shunt motor from a phase-con¬ 
trolled rectifier it is important that the field of the motor 
be supplied from a reliable source at a constant voltage. 
It is possible to supply the field from an auxiliary rectifier 
with a suitable interlock for removing the armature volt¬ 
age if the field power fails. A more convenient source 
of fiel d excitation is, however, available when half-wave 
phase control is used. It is then possible to connect 
the field between the a-c neutral and the d-c line common 
' to the three tubes not phase controlled. This connection 
is shown in figure 4. 

If the a-c system has no neutral, an artificial neutral 
can be created by the filament transformers, phase-shift¬ 
ing transformer, or other auxiliary equipment. It is 
desirable to have the transformers forming the artificial 
neutral, connected zigzag to avoid saturation. 

"When the shunt field is supplied by connecting it from 
the a-c neutral to one d-c line, the voltage impressed on 
the field will have a triple-frequency ripple of consider¬ 
able magnitude. This ripple voltage will, however, cause 
only a small variation in the field current because of the 
high inductance of the field circuit. Eddy currents set 
up in the poles and frame of the d-c machine will further 
neutralize the small ripple present in the field current 
and maintain the flux through the field sensibly con¬ 
stant. The oscillogram in figure 9 shows the voltage im¬ 
pressed on the field circuit, the field current, and, the gen¬ 
erated electromotive force obtained by driving the machine 
at rated speed. The small ripple shown on the generated 
electromotive force is not concurrent with the ripple current 
in the field circuit. The generated electromotive force 
shows no evidence of flux variation due to the ripple cur¬ 
rent. A direct measurement of the transformer electro¬ 
motive force caused by the variation of the flux indicates a 
voltage of the order of 20 to 50 millivolts in the coil under 
commutation. An effect of this magnitude will have a 
negligible influence on commutation. 


In case a series field winding is employed, the ripple 
current in this winding will also tend to produce varia¬ 
tions of the flux. Measurements made with a ten per 
cent series field indicate a transformer electromotive force 
in the coil under commutation no greater than that caused 
by the ripple in the shunt-field current; i.e., 20 to 50 
millivolts. With a larger percentage of series excitation 
the ripple current in the series field will be correspond¬ 
ingly reduced by the inductance of the series field. It 
appears, therefore, that no appreciable commutating 
trouble may be expected from field-flux variation with 
either shunt or series field excitation. 


Operating Characteristics 


The operating characteristics of a d-c motor are quite 
familiar. When, however, the d-c motor is supplied 
from a phase-controlled rectifier there are certain modi¬ 
fications introduced' by the rectifier. It, therefore, seems 
desirable to give some operating data. The Curves shown 
in figures 10 to 13, inclusive were taken on a 10-horsepower 
550-volt 1,300-Jpm d-c shunt motor operating from a 
three-phase full-wave rectifier-with half-wave phase con¬ 
trol. The circuit diagram is as shown in figure 4. The 
rectifier was supplied from a 440-volt, 3-phase, 60-cyde 
source of power. A picture of the rectifier and its as¬ 
sociated equipment is shown in figure 14. 

The curves shown in figure 10 give the ratio of the effec¬ 
tive to average value of the armature current. The 
ripple current in lie armature contributes nothing to the 
power of the' d-c motor but increases the copper loss of 
the armature circuit. The armature copper loss of the 
d-c motor will be increased approximately as the square 
of the ratio of effective to average current shown in figure 
10 . 

The ripple voltage increases rapidly as the d-c voltage 
is reduced by grid control, but doe's not vary appreciably 
with the load. It is evident, therefore, that with a given 
angle of phase control the ripple current is fairly constant 
and independent of the load current. At light loads the 
ripple current will exceed the load current, with the result 


Figure 12. Power- 
factor curves for 
a three-phase full- 
wave rectifier with 
half-wave phase 
control. Recti¬ 
fier used to sup¬ 
ply a d-c motor 
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that the armature current will become intermittent. It 
is this condition which causes the high ratio of effective to 
average current at light loads. Fortunately this pul¬ 
sating armature current does not cause undue motor noise 
or vibration when the rate of change of armature current 
is kept within the limit required for satisfactory com¬ 
mutation. 

The curves in figure 11 show the variation of speed with 
load, or armature current. These curves show that the 
motor has considerable speed regulation largely because 
of the reactance in the a-c supply lines. When phase con¬ 
trol is employed to reduce the motor speed, the speed 
regulation at light loads is quite large. This is due to 
the intermittent armature current at light loads. Where 
less speed regulation is required this may be obtained by 
using less line reactance or by a number of methods of 
compounding the rectifier to give a grid-phase shift in 
response to load. It is undesirable to operate with a very 
low a-c line resistance because this will increase the har¬ 
monic currents present in the a-c supply and lead to more 
severe fault currents in case of an arc-back. 

Power-factor curves are shown in figure 12 for several 
grid phase angles, selected to reduce the d-c voltage by 
steps of about 25 per cent. The data for these power- 
factor curves was taken with 20 per cent reactance in the 
a-c lines. It is unlikely that a reactance greater than 
this would be used. 

When the rectifier is operating to give full d-c voltage 
and with about 20 per cent a-c line reactance the power- 
factor is about 90 per cent with zero grid angle; and this 
power-factor is maintained even at light loads as may be 
seen from figure 12. 

If the motor speed is reduced by phase control the power- 
factor of the rectifier is affected quite adversely. At 
low speed the decrease in power-factor caused by full- 
wave phase control is even more ttian that shown in 
figure 12. 

The reduction of power-factor caused by phase control 
is one of the important reasons for using motor-field con¬ 
trol for part of the speed range. It seems desirable to 
use motor-field control to reduce the speed until the 
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ARMATURE CURRENT-AMPERES 


Figure 13. Effi¬ 
ciency curves for a 
three-phase full- 
wave rectifier with 
half-wave phase 
control. Rectifier 
used to supply a 
d-c motor 
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Figure 14. Picture of three-phase full-wave rectifier and 
associated equipment as used for controlling the speed of a 
10-horsepower 1,300-rpm 550-volt d-c motor. One 
hundred per cent speed range provided, partly by field con¬ 
trol and partly by phase control of rectifier 


power required by the motor is not greater than half the 
full-load power at maximum speed. This corresponds to 
a 50 per cent speed reduction for a constant-torque load 
and about 20 per cent speed reduction by field control for 
a variable-torque load such as a fan- ^ mo ^ or s P ee< ^ 
is reduced by field control until the motor power is reduced 
to half its maximum value the reactive and harmonic 
power required by the motor will never exceed that re¬ 
quired at full load. 

Efficiency curves are shown in figure 13. These curves 
are taken for the same conditions of operation as the 
power-factor curves of figure 12. The efficiency as shown 
in figure 13 applies to the rectifier only and does not 
indude the motor losses. Since motors may vary con¬ 
siderably in efficiency it seems best to give rectifier ef¬ 
ficiency separated from the motor efficiency. The very 
low efficiencies found at low speeds, result from the fact 
that the major rectifier loss is caused by the arc drop of 
the tubes which is approximately a constant voltage drop. 
As the d-c voltage is reduced by phase control the arc 
drop represents an increasing proportion of the total 
power. It should be recognized that the rectifier effi- 
dency will be lower, if a lower a-c supply voltage is em¬ 
ployed. 

Starting, Reversing, and Braking 

Any means of motor speed control which permits the 
motor to be operated at very low speeds provides the 
requirements essential for starting. Phase control of the 
rectifier gives the control necessary for starting the motor 
and accelerating it smoothly, without producing abnormal 
currents, A suitable interlock between the phase-shift¬ 
ing transformer in the grid supply and the contactor m 
the motor circuit will prevent an improper starting se- 

quence. ... 

If a simple rectifier circuit is employed, the umdirec- 

tional conductivity of the rectifier necessitates the re¬ 
versal of the motor connections, either armature or field, 
when the motor is to be operated in a reverse direc- 
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tion. Regenerative braking is also impossible when a 
simple rectifier circuit is used because there can be no 
reverse current to decelerate the motor. When regener¬ 
ative braking or rapid reversal of the motor is required a 
double tube-circuit should be employed as shown below. 

D-C Motor Operated From a 
Reversible Electronic Converter 

There are many motor applications which require either 
rapid reversal or regenerative braking. Elevators and 
hoists are two examp les, typical of the service where de¬ 
celeration is an essential requirement. For these and 
many similar applications, a d-c motor operating from a 
simple phase controlled rectifier, is inadequate as was 
pointed out above. It is possible, however, to add the 
regeneration braking feature, by the addition of a dupli¬ 
cate set of tubes connected for reverse current and with 
their grids excited for inverter operation. 

Regenerative Braking 

The circuit diagram in figure 15 shows a double set of 
tubes with a single-phase a-c supply. One set of tubes is 
connected for reverse current, which is essential for re¬ 
generative braking. The operation may be explained as 
follows: assume that the A group of tubes is rectifying 
and furnishes current to drive the motor in a clockwise 
direction. Should the d-c motor be overspeeded a little, 
the motor counter electromotive force will exceed the 
rectified voltage and no current can then flow from the 
rectifier. The A tubes are then inoperative. 

If the inverter tubes, the B group, as shown in figure 15, 
are properly adjusted a small increase in the counter electro¬ 
motive force of the motor will be sufficient to cause them to 




begin inverting. They will then draw power from the motor, 
causing it to operate as a generator with the corresponding 
retarding torque. The power delivered by the d-c ma¬ 
chine is transferred to the a-c system through the B group 
of tubes acting as inverters. 

There is of course some speed regulation with load for 
both the rectifier and inverter tubes. With rectifier or 
driving operation, the speed regulation is positive and 
the motor speed decreases with increasing armature 
current. For inverter or braking operation, the speed 
regulation is negative, and the motor speed increases with 
increasing armature current. The curves shown in figure 
16 are typical speed armature-current characteristics as 
the motor operation is changed from braking to driving. 

Reverse Rotation by Phase Control 

The action as explained so far would permit the motor 
to operate at an approximately constant speed over a 
load range, from full driving to full braking. A constant 
speed application which requires regenerative braking is, 
however, seldom if ever encountered. Speed variation 
and reversal are essential in most applications which re¬ 
quire braking. With the circuit arrangement as shown in 
figure 15 it is possible to vary the motor speed by phase 
controlling the rectifier and inverter simultaneously. 
Full-wave phase control is most satisfactory for this 
service. 

When full-wave phase control is employed the rectified 
voltage is reduced to zero by a grid phase-shift of 90 de¬ 
grees as is shown in relation (3) and figures 5 and 7. If 
the grids be retarded still further, the rectifier will be 
found to have a counter electromotive force and may op¬ 
erate as an inverter. Similarly, advancing the grid phase- 
angle of an inverter first reduces the counter electro¬ 
motive force to zero and then produces a forward or rec¬ 
tifier electromotive force. 

The grid-control characteristic of a rectifier having full- 
wave phase control, as shown in figure 7, is shown again 
in figure 17. In the latter case, however, the operating 
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Figure 17. Curves showing the variation of d-c voltage with 
grid phase angle for a reversible electronic converter 

curve of both the A and B tube groups are shown, and the 
rectifier phase-control curve is extended to show the in¬ 
verter range. It is evident from an inspection of figures 
15 and 17 that the distinction between inverter and 
rectifier operation is largely a question of the relative 
phase of current flow in the a-c circuit. The principal 
difference arises from the change of the voltage stress 
across the tube from negative to positive as the operation 
is changed from rectifying to inverting. The positive 
tube voltage in the inverter region necessitates a nega¬ 
tive grid bias during the entire non-conducting interval. 
Assuming a suitable grid excitation, however, a group 
of tubes will function as either a rectifier or inverter. 
Such a tube group is conveniently and accurately de¬ 
scribed as a converter. 

When the tube converter employs natural or phase 
co mm utation, its operating range covers only about 180 
electrical degrees. Phase control as a rectifier is then 
possible only by retarding the phase of the grids. There 
is a commutating voltage in inverter operation only if 
the current transfer takes place before the voltage of the 
incoming phase equals the voltage of the outgoing phase. 
Fortunately the rectifier and inverter quadrants are ad¬ 
jacent and we may pass from rectifier to inverter action 
or conversely by a continuous shift of the grid phase- 
angle. 

If the d-c voltage of a rectifier is to be reduced, the 
grids of the rectifier tubes should be retarded. The op¬ 
posite is true for an inverter, and the grids of the inverter 
tubes should be advanced to reduce the operating volt- 
age. 

For this reason separate phase-shifting transformers 
are required for the A and B tube converters. These 
two phase-shifting transformers may however be rigidly 
coupled and moved simultaneously if they are so ar¬ 
ranged that the electrical rotation of one is opposite to the 
other. This is indicated on figure 17 by showing reversed 

scales for the grid phase-angle of the two converters. 

If the phase control characteristic of the A&ndB con¬ 
verters are displaced as shown in figure 17, the operating 
voltage of the inverter will exceed the rectifier voltage for 
both directions of rotation and there will be a “discrep¬ 
ancy” or change in motor speed when changing from 
driving to braking. This phenomena cain be elinunated by 
proper alignment of the two phase-shifting transformers. 


Should the inverter be set for an operating voltage below 
the rectifier voltage, there will be a circulating current 
between the rectifier and inverter and corresponding 
losses. A small circulating current is desirable when a 
motor speed “discrepancy” between driving and braking 
is objectionable. 

When the phase-shifting transformers are displaced 
beyond the safe operating limits the tubes acting as in¬ 
verters lose their commutating voltage. This results in a 
short circuit between the two converter groups, and should 
therefore be avoided. 

With a circuit arrangement as shown in figure 15 and 
suitable grid excitation for both the A and B converters, 
as discussed above, the motor speed can be controlled 
through a speed range from full speed forward to full 
speed reverse. The control required is only a movement 
of the phase-shifting transformer. At all speeds, for¬ 
ward and reverse, the motor will give regenerative break¬ 
ing if over-speeded. With the phase-shifting transfor¬ 
mers in any operating position there is a speed armature- 
current characteristic, similar to those shown in figure 16. 

The combination of d-c motor and reversible converter 
just described, is quite flexible and has a very sensitive 
control in the phase-shifting transformers. This ar¬ 
rangement appears suitable for many applications which 
have formerly required a Ward Leonard set. 

Torque Amplifier 

The sensitive and accurate control permitted in the grid 
circuit of the converters of the motor just described adapt 
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Figure 18. Functional diagram for a torque amplifier em¬ 
ploying a d-c motor and a reversible electronic converter 
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it to many applications not adequately served by a Ward 
Leonard combination. The arrangement shown in figure 
18 gives a scheme for producing a torque amplifier or 
positioning device. The only change required from the 
circuit of figure 15 is that the two phase-shifting trans¬ 
formers, which supply the grid power are not manually 
operated as in figure 15, but are connected to both the 
positioning control and the main motor, in effect, as 
through a differential. Referring to figure 18, a displace¬ 
ment of the positioning control acts through the synchro¬ 
motor to cause a movement of the grid phase-shifting 
transformers. This grid shift sets up a current causing 
the main motor to move. The main motor is connected 
to the stator of the synchro-motor through a gear. The 
rotation is such that a movement of the main motor 
produces a phase shift which cuts off the current causing 
the motor to'move. Therefore, when the main motor 
has moved through an angular‘displacement correspond¬ 
ing to the displacement of the position control, the main 
motor will, have corrected the grid phase-displacement 
which was caused by the movement of the positioning 
control. In this manner the main motor is kept in close 
correspondence with the positioning control. If the con¬ 
trolling device is kept in continuous motion, the motor 
is compelled to follow in a corresponding angular position, 
but the load or torque burden on the positioning control 
is only a slight portion of the torque exerted by the main 
motor in driving its load. The grid control is so accurate 
and rapid that very close correspondence is maintained 
between the motor shaft and the positioning device. 
Automatic tools offer an attractive field of application for 
a reversible electronic converter arranged to operate as a 
torque amplifier or position control. 

Conclusions 

Three different arrangements have been described, 
each employing electronic devices for controlling the 
speed of a motor operating from an a-c power .supply: 
viz., the synchronous motor using thyratrons as a commu¬ 
tator (see references 1, 2, 3, 4), the wound-rotor induction 
motor using & rectifier and d-c motor on the secondary, 
and a phase-controlled rectifier supplying a d-c motor 
from an a-c power source. These three schemes all have 
attractive features and each type of motor will probably 
find a field of application. 

The simple phase-controlled rectifier supplying a d-c 
motor may use a number of rectifier circuits other than 
the three-phase full-wave circuit described. For small 
motors a single-phase rectifier is adequate. The com¬ 
bination of a d-c motor and a simple phase-controlled 
rectifier provides a very flexible motor operating from an 
a-c source of power. It is simple and has a high apparatus 
economy ^ This motor should find a wide field of applica¬ 
tion in small and moderate sizes. 

If the service demands regenerative braking this fea¬ 
ture may be secured by adding a duplicate set of tubes, 
and the grid excitation necessary to produce a reversible 
electronic converter. 

The combination of d-c motor and reversible converter, 


may be employed not only as a reversible variable-speed 
drive but with suitable phase-shifting transformers, it 
may be used as a torque amplifier or positioning device. 
As a torque amplifier this arrangement has high precision, 
and rapid response. For many problems it offers a solu¬ 
tion unequaled in accuracy and elegance. 
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Discussion 

E. F. W. Alexanderson (General Electric Company, Schenectady, 
N. Y.): Our paper has the object of indicating some of the many 
possible applications of electron tubes for power transformation. 
Specifically, it deals with the controlled rectifier, inverter and fre¬ 
quency changer as a power supply for motors. It has not been 
possible to include in this discussion all the combinations that we 
have in mind. There is, for instance, one combination which we 
should like to include and Which recent tests indicate to be one of the 
most promising. This is to absorb the secondary power of the in¬ 
duction motor in a thyratron frequency changer and return the en¬ 
ergy to power lines. This combination requires eight tubes if a 
quarter-phase motor secondary is used. 

At this stage is may be interesting to forecast how high motor 
powers may be conveniently operated by such methods. We may 
assume that tubes of 200 amperes average capacity will be available. 
It may also be assumed that the induction motor secondary is wound 
for 2,300 volts. Such a combination will control a motor of 4,500 
horsepower. In this electronic technique we are by the nature of the 
problem compelled to analyze our expectations for the near future 
even though the ways and means to. meet them are not available for 
the moment. There is a good reason for this. The basis for this 
work is the electron tube itself around which all the rest of the ap¬ 
paratus must be designed. But a development of high-power elec¬ 
tron tubes is a long and expensive process. To furnish the incentive 
for this, it is necessary that the electrical engineers who deal with 
power problems both in design and operation should analyze their 
needs so that they will be able to point out the directions in which 
such development will show economic advantages. We hope that a 
discussion of the subject by the Institute will serve this-purpose. 

C. C. Shutt {Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The authors present an interesting and 
timely paper on the subject of electronic speed control.. It is of 
particular interest to note that the authors have given considerable 
space to the wound-rotor type of machine with secondary control. 
For several years the writer has considered this arrangement prefer¬ 
able to the, authors' earlier schemes, which used primary .frequency 
control and a synchronous-type motor, for the following reasons: 

1. The number of tubes is reduced and their connections simplified. Only one 
electronic power conversion required when d-c machine is used as described. 

2. A practically standard motor is used with normal densities in Copper and 

irdn. - •. • ' .* • • 

3. At reduced speeds the power facto* can be practically as good as with 

resistance controls , , / .• 

4. Unless the speed reduction is large, the kilowatt rating of the tubes 4s re¬ 
duced by the use of Secondary control . 
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With these features in mind, a 350-horsepower unit has been built, 
which was designed primarily for a fan drive. ’ It uses grid control on 
the tubes for the lower portion of the speed range. The advantage of 
grid, control for. such a drive is that the reduction of the d-c voltage 
reduces the flux required in the d-c motor at the lower speeds, and 
thus reduces the size of this machine. It will be recognized that this 
reduction of d-c voltage is accompanied by an increase in direct cur¬ 
rent and the current in the secondary of the induction motor. But, 
with a fan type drive, the current is still well below the rating of the 
windings at the low speeds. The use of grid control causes a reduc-r 
tion of primary power factor at low speed. But this is not objec¬ 
tionable at light loads which accompany low speeds on a fan drive. 

A 1,250-horsepower, 1,200-rpm unit is now under construction. 

In common with a Kramer drive, and other forms of secondary 
control, the drive will develop a maximum of practically constant 
horsepower when the secondary power is recovered in a d-c motor on 
the main shaft. It will develop a maximum of practically constant 


Grid-controlled rectifiers have been, used for some time for the 
purpose of speed control of d-c motors with or without the use of 
field control of the motor. The authors put particular emphasis on 
the full-wave three-phase circuit, which avoids the use of a transfor¬ 
mer when a suitable a-c voltage source is available. Besides the 
advantages mentioned by the authors, this circuit has the 
additional advantage where the blocking of grids or ignitor circuits 
may be used to interrupt the a-c. supply to an arcback, for unless a 
tube in both groups arcs back at the same time, there will be no back 
feed from the drC motor.. 

The authors show some improvement in power factor at low d-c 
voltages for the particular arrangement which they call half-wave 
phase control of the full wave rectifier; However, this is accom¬ 
plished at the expense of an increase of the magnitude of, and the in¬ 
troduction of, lower frequency components in the d-c voltage ripple. 
It may be found that where improvement in power factor is desired, 
it can be obtained more economically some other way. 


torque when the secondary power is recovered by some other means. 
These stat em ents assume that the induction motor is worked at nor¬ 
mal flux and current densities at all speeds. The equations 1 and 2 
of the authors’ paper appear to be based on this assumption. 

Attention is called to the second sentence of the section under "Ap¬ 
paratus Economy.” The authors state "The rating of the rectifier 
must approximately equal that of the induction motor.” This state¬ 
ment is also based on the same assumptions as equations 1 and 2, 
the correctness of which depends upon whether the tubes are rated 
in current or kilowatts. Under the authors* assumptions, the tube 
current is constant regardless of the speed. Neglecting grid control 
—and it would probably not be used under these assumptions—the 
d-c voltage increases as the speed decreases. Hence, the kilowatt 
rating of. the tubes is a function of the speed reduction, and certain 
types of tubes have higher current rating at reduced voltage. Hence, 
smaller tubes can be used with limited speed reduction. . 

In dosing, the writer would point out that the relatively simple 
circuit consisting of an.induction motor with a rectifier and d-c ma- • 
chine in the secondary only scratches the surface of the possibilities 
of this type of variable speed drive. Other types of dectronic sec : 
ondary control have been investigated for a range of applications 
and will be presented in the near future. 

L. A. Kilgore (Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa.): This paper gives a good description of several 
circuits which may be used for a-c variable-speed'drives employing 
electronic tubes, but the description of the motor requirements is 
confusing at certain points. Equations are given for the relation 
between d-c and a-c motor ratings. These equations are misleading 
because they are only applicable to one special type of load, bu 
which special case they are intended to cover is not stated. 

Under the heading of "Apparatus Economy” the ratio of d-c motor 
rating to a-c motor rating is given in equation 1 as: the ratio of maxi¬ 
mum to minimum speed minus one, for the case of a d-c motor con-, 
nected to the same shaft as the a-c motor. This relation would only 
be true for the special case of constant power; also the .ratings would 
have to be based on the minimum speed. • 

Also equation 2, which applies to the case where the secondary 
power is fed through a rectifier to a d-c motor of a motor generator 
set, is only applicable to the case of constant pqwer; furthermore, it 
would seem that a maximum speed equal to synchronous speed ha 


^egeneral idea of a rectifier applied to the secondary of a wound- 
rotor motor to furnish power either to a d-c motor on the same shaft 
or to be fed back into the line is old, but very little use ^been^de 
of it in the past. However, with the recently developed thyratron 
and ignitron tubes; this type of variable-speed drive holds real prom¬ 
ise. One place where it is particularly applicable is in the drive pf 
large fans. For 'this case, smooth speed control from zero to 9° P- 
cent of synchronous speed is possible with a d f “ ot ° r J ate ^ d 0 f^ 
about 40 per cent of the total power required at Ml 
ignitrons the'rectifier rating would be approxunately 60 per f 

the maximum power output if the capacity is based on the increased 
voltage rating at low speeds. /.. • 


J. H. Cox (Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa.): This paper constitutes a review, of several 
methods of controlling the speed of potors by electronic means, and 
ag such is a valuable contribution. However, since the paper men¬ 
tions only thyratrons as the electronic device to be used, and since 
tbyratrons are only practical in relatively small sizes, the inference is 
left that this method of speed control is Only applicable in small ca¬ 
pacities; Actually, the group wtth whtch.I am associated has earned^ 
out tests with a 350-horsepower drive using a similar method of con¬ 
trol and is now budding a 1,250-horsepower drive. 

Throughout the paper the authors’ choose the three-phase full- 
wave circuit and this circuit is much more convenient for this applica¬ 
tion than the more conventional power rectifier circuits/though the 
latter are somewhat.more efficient.. However, the three-phase full- 
wave circuit demands that the cathodes associated with at least three of 
the anodes be separated from the others and there are serious objec¬ 
tions to building the conventional metal tank rectifier in single-anode 
tanks. However, ignitrons are normally built in single-anode units , 
and where no vacuum pumps are required they are amenable to any 
electrical circuit desired. Therefore, the methods of speed control 
described by the authors are now conveniently available up to sizes 
requiring electronic power that can now be provided by ignitrons 
with sealed-off construction. As mentioned in Mr. Kilgore’s dis¬ 
cussion, for a blower type of load, the electronic capacity required is 
only 00 per cent of the maximum power output at maximum speed. 

W. R. King (nonmember; General Electric Company, Schenectady, 
NY)* I am particularly interested in the system described by the 
authors for controlling the speed of a d-c motor by means of a phase- 
controlled rectifier. I have had some experience in applying elec¬ 
tronic equipment to the control of d-c motors and in the past have 
been forced to conclude that, primarily for economic reasons, the 
dectronic systems were limited to the fidd of applications where some 
very spedal motorWrol functions were required. Numerous suc¬ 
cessful' applications have been made but practically ail have been to 
problems extremely difficult if not impossible to solve by more con- 

ventional means. * •• ’ ’ 

However the new system described by the authors holds promise 
for obtaining with reasonable economy the advantages of adjustable 
speed motor operation where only alternating current is available. 
Thus it opens td the dectronic control the fidd of applications m 
which the problem is merdy to obtain adjustment of motor speed, 
rather than .to obtain some spedal and more or less automatic o 

^The system provides not only a source of direct currait for op«a- 
tion and ; control of the motor by the conventional fidd rheostat 
method, but also an adjustable armature voltage. The wide speed 
range thus afforded makes it applicable to drives requiring a mder 
range than the conventional three-to-one or four-to-one adjustable- 
speed d-c motor. I bdieve this will make the system quite useful in 
certain machine tool applications, where greatly .reduced speeds are 
sometimes needed. 
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For machine-tool application, the system provides one distinct ad¬ 
vantage over the use of a motor generator set and exciter. This is 
that the equipment can be built up into a small cabinet which can be 
mounted directly on or in the machine in the same manner that mag¬ 
netic controllers are now mounted. This is quite important in view 
of the decided trend toward making machine tools completely self- 
contained so that they may be readily moved for new production 
setups. Against this advantage, of course, is the fact that user must 
consider the cost of occasional tube replacements. 

The armature current-motor-speed curves in the authors' figure 11 
show a regulation at reduced speed which may be excessive for some 
applications. I do not believe that the slope of the main part of the 
curves will be excessive for most applications but the large increase in 
speed at very light loads may be objectionable. Individual applica¬ 
tions would have to be studied to determine the suitability of the 
system in this respect. As the authors point out, the regulation may 
be improved by various compounding methods but of course this will 
complicate the system to some extent and one of the big economic 
advantages of the system is its inherent simplicity. 

One other disadvantage, inherent to the simple rectifier systems, 
is that regenerative braking cannot be obtained without a very sub¬ 
stantial increase in the cost and complexity of the equipment. For 
some applications only rapid braking is required and in such cases dy¬ 
namic braking can be obtained by addition of suitable braking resis¬ 
tor and magnetic control. However, other applications require rapid 
deceleration to a reduced operating speed and the method of obtain¬ 
ing this operation automatically is more complex. 


Although it is true that the system as described may be used to 
start the motor from rest without additional magnetic control, I be¬ 
lieve that there may be some objection to this arrangement, particu¬ 
larly on machine tools in the high production industries. It would 
be difficult to educate the operators to accelerate the motor at a 
proper rate by turning a control knob when they have already been 
educated to push a button and obtain acceleration at the proper rate 
automatically. 

In general, though, this new system is a distinct forward step and 
I believe numerous applications for it will be found. 


C. H. Willis: The authors appreciate the interest shown in their 
paper by those giving discussions. It is evident from this wide 
interest that electronic devices may find a wide field of application 
in motor control. It is to be hoped that this field will develop 
rapidly. 

In some of the discussions there appears to be a divergence of opin¬ 
ion as to the rating of the control equipment, where a rectifier and 
d-c motor are used to control the speed of a wound-rotor induction 
motor. Since this equipment is required to carry a maximum current 
under one condition of operation and also must produce a maximum 
voltage under some other condition, the authors believe that the 
proper rating is the product of the maximum current and voltage. 
While the control equipment may not operate at this rated load it 
must be capable of so operating and this rating gives the most ac¬ 
curate and conservative estimate of the apparatus. 
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Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following three pages appear discus¬ 
sions submitted for publication, and approved by the 
technical committees, on previously published papers pre¬ 
sented at the AIEE winter convention, New York, N. Y., 
January 24-28, 1938. Authors* closures, where they have 
been submitted, will be found at the end of the dis¬ 
cussion on their respective papers. 

The 

PCC Street Car 

Discussion of a paper by C. F. Hirshfeld published on pages 61-6, 
of this volume (February section) and presented for oral discussion at 
the modern electric vehicles session of the winter convention. New 
York, N. Y., January 24, 1938. 

E. J. Allen (General Electric Company, Pittsfield, Mass.): The au¬ 
thor is to be commended for his description of the salient features 
of the modern Presidents’ Conference Committee street cars, over 
500 of which have been in operation during the past three years. 
Low operating cost and low maintenance expense to the transit com¬ 
pany is obtained through applied research and careful design, yet 
securing modern appearance, speed consistent with good riding qual¬ 
ity, good illumination, and ventilation. 

The PCC street car, like its earlier predecessors, derives its motive 
power from overhead trolley lines, which are very frequently ex¬ 
posed to lightning, even in urban areas. Consistent with the objec¬ 
tives of low first cost, and low maintenance expense in general design 
of the PCC car, a d-c capacitor-type lightning arrester is installed in 
one of the compartments. To meet the demand for a d-c lightning 
arrester, which does not require maintenance and one that is unaf¬ 
fected by winter and summer temperatures, the d-c capacitor type 
arrester has been made possible only through successful research 
in dielectrics during the past few years. 

Figure la shows a type of 750-volt four-microfarad d-c capacitor 
arrester which has been used on PCC cars. Another d-c capacitor- 
type arrester having the same electrical characteristics, but en¬ 
closed in a drawn steel housing, is shown in figure 16. 

This, arrester is directly connected between positive trolley and 
car frame, and depends entirely upon the effect of a large amount of 
capacitance for its impulse protective characteristics. While the 
protective voltage maintained by the capacitor-type arrester de¬ 
pends on the wave shape and amplitude of the impulses applied on 
the trolley circuit, this protective level is only 3,000-4,000 volts 
crest for typical applied waves on trolleys supported by cross spans 
on steel or guyed wood poles. Moreover, the sloping of applied 
impulse wave front accomplished by the capacitor-type arrester is 



(a) kb) 

Figure 1, Typical d-c capacitor-type lightning arresters for 600-volt 
d-c service 


June 1938, Vol. 57 


essential in order to reduce the tum-to-tum impulse stresses in the 
motors and car equipment. 

The protective characteristics afforded by d-c capacitor arresters 
as shown by calculation and tests are rapidly being substantiated 
in service by the virtual lack of lightning failures reported on PCC 
car equipments. 


W. I. Rodgers, Jr. (nonmember, Brooklyn and Queens Transit 
Corporation, Brooklyn, N. Y.): In Brooklyn, the Presidents’ 
Conference Committee car was first introduced to the riding public. 
The 100 new cars replaced old equipment on four lines starting Octo¬ 
ber 1,1936. New schedules were written, headways reduced, and an 
improved service resulted. Rider endorsement followed quickly 
and the mails brought hundreds of appreciative comments. 

To date, the cars have operated over five million miles. Com¬ 
paring this with average mileages for older equipment we find that 
the new cars have traversed one-third more mileage over equal 
periods. As these cars are able to do more work per day, it follows 
that operation costs are lowered. 

Much of the electrical and the mechanical equipment of the cars 
had been tested in Brooklyn on the widely known "million dollar” 
experimental car. Many more improvements were selected for the 
production cars. Fundamentals had been well established by the 
PCC research group. It remained for actual service operations on 
a wide scale to prove die equipment. The early experiences in 
Brooklyn with the first production cars from the factory quickly 
brought out the necessity for changes of slight importance in them¬ 
selves but highly desirable for maintenance reasons. Both con¬ 
struction and engineering detail reflected the careful planning and 
long research to provide a modem vehicle that could be priced at¬ 
tractively to operating companies. 

In the desire to build such a vehicle to these standards, no sacri¬ 
fice of sturdy, dependable equipment and accessories was permitted. 
Thus, our operating difficulties have been minor and have not in 
any way interfered with smooth, successful performance during the 
year. 

Our maintenance costs have not yet reached their level because of 
the changes and improvements applied after the delivery of the cars. 
It is confidently expected that costs will shortly match the system 
average and ultimately be less than the costs of maintaining the 
conventional street car of former days. 

Reduced track costs are anticipated by the use of the resilient 
wheels and much elimination of the hammer-blow pounding of steel 
wheels on the rail seems assured. All lateral movement and swing 
of the car body is well controlled by the rubber coned springs at the 
four comers of the trucks and the body swing links. These design 
factors should go far toward reducing destructive forces which cause 
excessive track maintenance. 

Coupling Between Parallel Earth-Return 
Circuits Under D-C Transient Conditions 

Discussion and author’s closure of a paper by K. E. Gould published 
on pages 1159-64 of volume 56,1937, AIEE TRANSACTIONS ($ej>~ 
tember 1937 issue of ELECTRICAL ENGINEERING) and presented for 
oral discussion at the communications session of the winter convention, 
New York, N. Y., January 24-28,1938. 

G. Wascheck (Bell Telephone Laboratories, Inc,, New York, N. Y.): 
Experimental measurements made in connection with the d-c tran¬ 
sient induction tests presented in Mr. Gould’s paper afforded oppor¬ 
tunities for studying certain aspects of the problem of determining 
local earth resistivities and structures—'which problem is an impor¬ 
tant one in predicting the a-c coupling between earth-return cir¬ 
cuits. If the earth were uniform, such resistivity would be inde¬ 
pendent of separation or frequency. If the earth were not uniform 
but varied as some function of the depth, the resistivity would vary 
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with frequency because of the lesser penetration of the current to the ture are known, or an equivalent earth resistivity can be substituted 

lower depths and the increased concentration closer to the surface for it at a given frequency, results from d-c exploration tests enable a 

as the frequency is increased—a phenomenon closely allied to that close estimate to be made of the a-c coupling. Tests in many places 

of skin effect with which we are all familiar as applied to metallic have indicated that where the structure is not too complex, an 

conductors. This is also reflected in a change of the in-phase and equivalent uniform or a two-layer stratified structure may be pos- 
quadrature components of the coupling from that of a uniform earth tulated from d-c exploration data, and for these cases the variations 
structure. Thus, a series of tests over a large frequency range would of coupling with separation can readily be calculated. More cora- 
show variations in the resistivity indicated at the surface which would plex structures may often be reduced to a simpler structure, though 
be a function of the depth, and from which interpretations of the invariably in heterogeneous territory, irregularities in a horizontal 
structure may be made—provided, of course, that such variations direction are also present. These introduce difficulties in assigning 
are roughly in a horizontal plane and not too deeply submerged for an average resistivity, especially for a long circuit, when only explora- 

the frequencies employed. The resistivity indicated at the lower tory or sampling measurements are made. This is true when meas- 

frequencies and hence influenced by the resistivity of the lower urements are made either by the a-c or d-c method and a larger por- 
depths is not necessarily the actual resistivity at the lower levels tion of the territory must be explored. However, where sampling 
but rather a composite of the entire cross section of the area through methods are deemed satisfactory, the d-c procedure provides a useful 
which the current is distributed. Therefore, whereas the trend will method for predicting a-c coupling between earth-return circuits, 
qualitatively indicate resistivity variations, comparisons withtheo- 
retical calculations for simple structures are required in order to de¬ 
termine the nearest equivalent structure. 


For example, from the Jennings, La., test results, a curve of re¬ 
sistivity based on the magnitude of the mutual impedance (differing 
slightly from the curves in figure 13 of the paper, which are based 
upon the reactive component of the mutual impedance) was plotted 
against frequency, and indicated variations as follows: a resistivity 
of about 15 meter-ohms at 20 cycles, increasing to over 30 meter-ohms 
at 100 cycles, and then decreasing eventually to about ten meter-ohms 
at 3,200 cycles. Calculations show that this trend may be exp lain ed 
on the basis of a horizontally stratified earth, and geological studies 
substantiate the existence of such a structure in this region, which is 
in the so-called delta country around the mouth of the Mississippi 
River. This area has been built up by the deposition of silt over a 
great number of years and is probably quite uniform in a horizontal 
plane. In addition, experimental results were available, of resis¬ 
tivity measurements made in a 2,000-foot oil well a few miles dis- 
tafit, which indicated a surface layer over a hundred feet thick of 
rather low resistivity, a second layer below this several hundred 


A New Single-Channel 
Carrier Telephone System 

Discussion and authors’ closure of a paper by H. J. Fisher, M. L. Alm- 
quisl, andI R. H, Mills published on pages 25-33 of this volume (Janu¬ 
ary section) and presented for orai discussion at the communications 
session the winter convention. New York, N. Y., January 24-28,1938. 

Glen Ireland (American Telephone and Telegraph Company, New 
York, N. Y.): The members of the Institute may be interested in 
some brief comments regarding the application of the type- FI system 
in the Bell System plant. 

About .35 type-# systems have been placed in commercial service 
and engineering has been completed on a great many more. Some 
of the systems are being applied for distances as short as 25 miles, 


r . , t- . .- - - otYCltu Aiuuurea ui me systems are being applied for distances as short as 9* mi1 M 


below this a gradual change to a very low resistivity, which low value 
is no doubt due to the salt water which underlies this territory. 

A Ampler method for determining earth resistivity and structure, 
requiring lbs time and apparatus than the a-c tests and easily ana' 
lyzed when the structure is not too complex, is that employing direct 
current. Such tests were also made at this site and comparisons with 
the above results indicated a close correlation with the general re¬ 
sistivity trend and structure. 

The d-c procedure, which has been used for some tim e in detecting 
variations in the earth’s structure, particularly in geophysical pros¬ 
pecting work, consists in applying direct current (periodically re¬ 
versed through a commutator to reduce polarization and stray 
voltage effects) to a pair of ground electrodes, called the current 
electrodes, and measuring the potential between two intermediate 
electrodes, called potential electrodes. This determines the mutual 
resistance between the two circuits from which, with the known 
geometrical arrangement of electrodes, , the apparent uniform earth 
resistivity may be determined directly by a simple formula. To de- 
tenmne possible Variations of resistivity with depth, use is made of 
the fact that the direct current penetration into the earth becomes 
progressively greater as the spacing between the electrodes is in¬ 
creased. When these variations with spacing assume certain defi¬ 
nite trends, calculation and tests on small models have shown that 
a fairly reliable interpretation of the structure may be made. The 
tests at Jennings, which were made with current electrode spacings 
from a few feet up to nearly 10,000. feet indicated a resistivity of 
little over ten meter-ohms at the closer spacings which increased to 
35 meter-ohms* at the intermediate spacings and then dropped off 
rapidly at the last measured point, indicating about six meter-ohms 
with the trend stiff downward. These results agi-ee essentially with 
the oil well data and with the a-c results, where a continuation of the 
measurements below 20 cycles quite like# would have shown a 

ofekcto^def’ 0P ^ re ^ tivit ? t0 * e d -° value for a very wide spacing 
Thus, provided-tie coupling characteristics for the resultant struc- 
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of these systems, the smalj size of the H terminals is being found to 
be of considerable advantage particularly in offices where floor space 
is at a premium. In the case of one office it was possible to defer 
the enlargement or rearrangement of the toll terminal room and at 
the same time take care of the toll circuit growth by removing three 
low bays containing three type-D terminals and in their place in¬ 
stalling two low bays containing 4 type-H terminals. The type- 
D terminals are to be reinstalled elsewhere where floor space is not 
a controlling factor. 

Experience with the H systems already in service although limited, 
has been veiy satisfactory. The circuits arc providing good quality, 
are very quiet and relatively stable. The systems are simple and 
easy to maintain, relatively few routine maintenance tests being re¬ 
quired. In particular the use of varistors as the mo dulatin g and 
demodulating elements is helpful since it results in greater freedom 
from earner leak and avoids the tests and adjustments of carrier 
leak required rather frequently in the case of previous types of 
systems employing vacuum tubes. 


Tn ' Electric P° wer Company, Chattanooga): 

l ? 6 TeM?ssee Eleotric Power Company leased 
/. U t Telephone and Telegraph Company a type-H 

hpt _!^* y ® te “ f ° r 118(5 over tte power company owned telephone line 
N^^C^ttanooga. This carrier system has pro- 
° f "8 channels that we havener used. The 

V ^ me , are above the levels on the best toll circuits and 
m^kahV S “ a iT St i zero - This l at ter point is particularly re- 
over which th^i? ^ feot that the power company telephone line 
ofHsT^a^TvT, 61 ? Perat6S is " a hot telephone line” for most 
of which ss' tdephone J* 0 * consists of 165 miles of open wire 
rh?v 0n * e same rfefct-of-way as 110-kv transmis- 
coils and in l.- 6 has severa * way stations with the usual drainage 

^ Portion of this circuit eon- 
eg of a phantom with mid-tapped insulating trans- 
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formers used for phantom coils. At one end there is a few hundred 
feet of entrance cable. 

. During the installation of the type-# carrier channel it was as¬ 
sumed that the two insulating transformers in the main line would 
have to be by-passed with high voltage condensers but it was found 
possible to operate without by-passes provided the ringing gain was 
increased sufficiently. By-passing insulating phantom transformers 
was found to make the phantom circuit useless due to the effect of 
the condensers in transmitting longitudinal noise frequencies. The 
circuit has been operating satisfactorily several months with one 
insulating transformer by-passed and one without by-pass. 

The line has several way stations and the only changes made at 
these stations were to install small low pass filters ahead of the sub¬ 
sets on the station side of the connecting key or cord circuit. These 
filters are thus normally kept off of the line. 

At present the power supply for the carrier terminals is derived 
from 115 volts a c although 130 volts d-c is available nearby. For 
communication under emergency conditions such as dispatching, it 
would be highly desirable if the equipment could be modified to work 
off 130 volts d-c with no intermediate taps and no separate 24-volt 
battery. When the installation was first made some of the way 
station filters were omitted temporarily. Although the use of the 
voice channel created noise on the carrier channel and vice versa, the 
modulation was apparently inverted and the crosstalk was unintel¬ 
ligible. For this reason filters have been omitted at the patrol booth 
stations which are seldom used. 

To power engineers familiar with the usual weaknesses of copper 
oxide rectifiers in the matter of heating, aging, overloading, etc., it 
seems remarkable that rectifiers have been found to be satisfactory 
as modulators mid detectors in a high grade communication cir cuit. 
Elsewhere it has been stated that in some respects the copper oxide 
rectifier is superior to the vacuum tube for such purposes and it 
would be interesting to hear the authors of this paper discuss this 
factor in a little more detail. As noted the space requirements of the 
new “H” terminal are small, and its low cost makes it very attractive 
to power companies and others even on relatively short telephone 
lines. A type “H” carrier terminal has recently been installed by a 
neighboring company over a 20 mile telephone circuit on power line 
right-of-way where rectifier noise made the voice frequency circuit 
unusable. The channel has been so satisfactory that a second one 
is being installed. 


J. E. Smith (nonmember; RCA Communications, Inc., New York, 
N. Y.): During his presentation Mr. Almquist stated that ten cop¬ 
per-oxide disks were series connected in each branch of the modulator 
bridge arm. Was the multiple-disk varistor used to permit high-sig¬ 
nal-level inputs, and, if so, what was the maximum signal level? 

M. L. Almquist: Mr. George suggested that some further discussion 
of the advantages of copper-oxide varistors over vacuum tubes as 
modulators and demodulators would be of interest. The principal 
advantages are better balance, greater stability, lower cost, smaller 
size, and reduced power consumption. The modulator circuit in the 
type-# system consists of a copper-oxide varistor and a single tube 
amplifier. To accomplish the same result with vacuum tubes would 
require the use of three tubes, two tubes operating as a single-bal¬ 
anced modulator and one tube operating as an amplifier. In order 
to obtain a good balance in the vacuum-tube modulator, which is 
necessary in order to reduce carrier leak and unwanted modulation 
products, it is frequently necessary to select pairs of tubes whose 
characteristics closely match each other. The balance will change as 
the tubes age and will also vary with changes in the power supply 
voltages. The copper-oxide varistor as manufactured has a balance 
which is better than can be obtained with Vacuum tubes and this 
balance is maintained over long periods of time, thus avoiding the 
periodic rebalancing which is required when vacuum tubes are em¬ 
ployed. Furthermore, with a double-balanced modulator such as is 
used in the type-# system, the input frequency does not appear in 
the output and this simplifies the filter requirements. 

In reply to Mr. Smith's question, the primary purpose of using a 


multiple disk varistor is that it affords an economical way of obtain¬ 
ing uni ts which are uniform in their performance, well balanced, and 
stable with time. The load-carrying capacity is determined largely 
by the amount of carrier which is applied; in order to obtain good 
performance, the carrier voltage across each disk must be larger 
than the speech voltage peaks at the same point. In this system, the 
modulator operates at a level which is four decibels below and the 
demodulator at a level 13 decibels below that at the toll switchboard. 
The power which can be carried by the modulator without noticeable 
distortion is of the order of five to ten milliwatts. 


A System of Electric 

Remote-Control Accounting 

Discussion and author's closure of a paper by L. F. Woodruff published 
on pages 78-87 of this volume (February section), and presented for 
oral discussion at the communications session of the winter convention. 
New York, N. Y„ January 24-28,1938., . 


E. R. C. Coe (The National Ca§h Register Company, Dayton, 
Ohio): I should like to ask Mr. Woodruff how a customer won hi 
identify himself in the event of a lost "charge token/* It would seem 
that permission to set up the account number by hand at the sales 
counter somewhat destroys the safety of the system. 

A. B. Smith (Associated Electric Laboratories, Inc., Chicago, Ill.): 
This paper deals with the general structure and operation of a system 
of accounting which is a combination of mechanical and electrical 
devices. In harmony with the scope of the paper, the author does 
not treat of these devices. 

The business man of today has been fully acquainted with com¬ 
plicated mechanical devices, and he has learned to depend upon 
them to a very large extent. Beginning with the typewriter, he 
has been led on to the use of simple adding machines, and from them 
to the more capable machines like the Comptometer and the several 
calculating machines. As to their essential functions they are purely 
mechanical, and though he does not know what is in them, the busi¬ 
ness man has learned to rely on them. His confidence is justified. 

In the accounting system described in this paper, there is the added 
element of many electrical circuits and devices. The business man 
may rightly ask, “To what extent are these electrical devices reliable, 
and what will their failure do to me?'* 

As most electrical engineers know, for many years the railroads, 
have been using block systems for the safety and expedition of trains. 
They have made increasing use of interlocking plants to control 
switches, derails, and signals intersections. In all of these elec¬ 
trical appliances, the circuits are so designed that any failure will 
result in such a signal aspect as to give a more restrictive indication. 
Each failure is on the side of safety. 

In the case of this electrical accounting, it is of interest to the pros¬ 
pective user to know if similar safeguards exist. He will also like 
to know the frequency with which electrical faults actually occur, or 
may be expected to occur. Experience with automatic switching of 
telephone lines has revealed the high degree of accuracy and de¬ 
pendability which relays and magnets can furnish. 


L. F. Woodruff: Doctor Smith's remarks touch on a most pertinent 
aspect of the system, and one which has been of foremost importance 
in the development of the individual machines and circuits. This 
is primarily the elimination of possible error in transmission, and 
secondarily, the assurance of continuity of operation. 

comets in parallel are used on all circuits. Contacts 
• . : ® k°hs m the tags at the transmitter are made at two 

C ^ mg ° f tie numbers t0 be transmitted has been 
,ust two holes comprise the code for each digit. A 
contact fadure. or an extra hole, will result not in an erroneous trans- 
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mission, but the control circuits have been designed so that this 
event would cause a stoppage of transmission. The record would 
be incomplete, and the price tag would not be stamped. The trans¬ 
mitter would remain locked, and would have to be released by a spe¬ 
cial key. The record would have to be transmitted over again. 
If the transmitter were actually defective it would of course have to 
be replaced. 

Mr. Coe has asked how a customer would identify himself in the 
event of a lost charge token. I agree with his point that setting up 


the number by hand at the sales counter would somewhat reduce the 
safety of the system, and we do not recommend that method. We 
advocate providing at a service station on each floor a place where 
the customer, upon proper identification, can be provided with a 
temporary token, good for that day only. A duplicate of this token 
would be filed for use in making correction in event an error was 
made in punching. 

There are other possibilities for handling this problem, and i he 
final choice must rest with the store management. 
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Design and Test of High-Speed High-Interrupting-Capacity 

Railway Circuit Breaker 


By WILFRED F. SKEATS 

MEMBER AIEE 


T HIS PAPER describes an oil circuit breaker built to 
the following specifications: 


Rated voltage. 15,000 volts 

Rated current. 1,500 amperes 

Frequency. 25 cycles 

Interrupting capacity..65,000 amperes 

Over-all duration of short circuit. 1 cycle 


Being intended for railway trolley service, which is rather 
severe from the standpoint of frequency of short-circuit 
operation, it is expected to handle 50 short-circuit opera¬ 
tions without internal inspection or change of oil. 

Like breakers of somewhat lower interrupting rating 
previously supplied for this type of duty, 1 this breaker 
operates upon the impulse principle. A spring-driven 
piston forces a blast of oil across the arc, bringing about its 
extinction with a very small contact separation, and thus 
resulting in an arc of very short duration. The arrange¬ 
ment differs from that previously used in two important 
respects: 

1. The earlier breakers used the radial blast, in which the oil moves 
in radially upon the arc and exhausts through a hole in one of the 
contacts; the present breaker employs the cross blast, in which a 
passage causes the oil to sweep directly across the arc path. 

2. In order to supplement the action of the piston at high currents, 
a short pressure-generating break has been added. A check valve 
is employed to prevent the additional pressure from this break from 

. being expended in reversing the piston. 

The manner in which these operations are performed is 
shown in figure 1, which is a sectional view of the lower 
part of the breaker. While the breaker is in the closed 
position, the moving contact 1 presses against the inter¬ 
mediate contact 2, holding it, in turn, against the station¬ 
ary contact 3. The piston 4 is at the upper end of its 
stroke. Upon tripping, the moving contact moves rap¬ 
idly upward and the intermediate contact follows to the 
limit of its stroke. At the same time, force is applied to 
the piston and at moderately low cuirent values it starts 

Paper number 37-163, presented at the AIEE Middle Eastern District meeting, 
Akron, Ohio, October 13^15, 1937, and recommended for publication by the 
AIEE committee on protective devices. Manuscript submitted October 13, 
1937; released for publication April 2, 1938, 

Wilfred F. Skeats is technical assistant to engineer, General Electric Company. 
Philadelphia, Pa. 

1. For numbered reference, see end Of paper. 


downward, forcing oil ahead of it down the piston cylinder 
up through the check values 5, through the contact cham¬ 
ber, and through the horizontal passage 6 in the baffle 7. 
This passage leads the oil directly across the arc path at 8 
and exhausts both oil and gases from the arc into the air 
space at 9. The velocity of the oil through the cross-blast 
passage is augmented slightly by the action of the pressure¬ 
generating break. 

At high currents, the performance differs in that the 
pressure generated by the pressure-generating break is 



Figure 1. Sectional view of piston and interrupting element 


greater than that caused by the piston. The pressure¬ 
generating break then supplies all of the oil for the blast 
and the check valves remain dosed and so prevent oil 
from the contact chamber from flowing down through them 
instead of through the cross-blast passage. 

Control of the length of the pressure-generating arc is 
accomplished, as shown in figure 2, by means of the metal 
ring 2 placed around the stationary contact 1 and so ar¬ 
ranged that any current brought to it by the arc is led 
radially outward as indicated by the arrows. When the 
arc strikes the ring, this current path sets up a magnetic 
field which tends to move the arc back to the statio nar y 
: contact. Thus the length of the arc can never greatly ex¬ 
ceed the separation of the contacts. 
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The mechanism is similar in principle to that used in the 
earlier breaker. It is shown schematically in figure 3. 
Energy for both the closing and opening operations, as well 
as contact pressure in the closed position, is supplied by the 
spring 1. When the breaker is charged and open, this 


Figure 2. Arc- 
control arrange¬ 
ment at pressure¬ 
generating break 




Figure 3. Mecha¬ 
nism in charged 
position 


spring is restrained by the cam 2 operating through the 
pit man crank 3 and the pitman 4 to support pin 5, and in 
combination, a stop limiting the upward motion of the 
contact rod. In order to dose the breaker, the cam is 
rolled over the top, releasing the pin 5. Roller 7 is now 
supported by the prop 6 but the links are free to move in a 
general downward direction until the contacts meet. 

Then when the breaker is tripped open, the prop 6 is 
pushed out of position and the link 8 is free to rotate in a 
clockwise direction under the influence of the spring. This 
gives rise to an upward force on the contact rod, separat¬ 
ing the contacts, and a downward force on the piston, 
creating the oil blast. 

Immediatdy following the opening operation, a motor 
operating through a gear reduction mechanism turns the 
cam through about 300 degrees, which recharges the 
spring, placing the breaker in position to be redosed in 
about seven seconds from the time of tripping. 

The breaker and its control pand are assembled in the 
factory in a sted homing, with a door in front opening 
into the breaker compartment and a door in the rear open¬ 
ing upon the control pand. Figures 4 and 5 show the 
front and rear views with the doors open. 


rent zero. It is obvious that the duration of this period is 
largdy dependent on the frequency. Hence it is essential 
that the test frequency be the same as that at which the 
breaker is to be applied. As this was only 25 cydes while 
the normal testing-plant frequency is 60 cycles, the testing- 
plant generator had to be slowed down to about 40 per 
cent of its normal speed with a corresponding reduction in 
the output. Under these conditions the power available 
from the plant by the conventional testing circuit was only 
about 30 per cent of the breaker rating. 

To overcome this situation, a special testing circuit 
similar to that used on the 287-kv breakers for the Boulder 
Dam-Los Angdes transmission line was employed. In 
addition to the breaker under test and the generator, this 
circuit comprises an auxiliary breaker with the same char¬ 
acteristics as the breaker under test, a transformer, a 
sphere gap, and, for the present tests, a synchronous dos¬ 
ing switch, all arranged as shown in figure 6. The opera¬ 
tion of this circuit is as follows. Initially the auxiliary 
breaker and the test breaker are in the closed position, and 
the synchronous dosing switch is open. In order to initi¬ 
ate the short circuit, the synchronous closing switch is 
dosed, and current flows through the auxiliary breaker, the 
test breaker, and the synchronous closing switch in series, 
and the full short-drcuit current of the 3,000-volt genera¬ 
tor connection is available. The test breaker and the aux¬ 
iliary breaker both trip promptly and, in about three- 
quarters of a cyde, both set up conditions to clear the 
circuit on the next current zero. 

With the breakers operating according to specification, 
the circuit is cleared in both at this current zero and in a 
few microseconds the voltage at the generator terminals 


lem. In a one-cyde breaker, the severity of the duty is 

associated, to a large extent, with what may be called the Figure 4 Breaker 

waitmg period, thatis, the period after the breaker has set assembled in 

up conditions for dearing and while it is waiting for a cur- housing 
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has risen to approximately its normal peak value. This 
voltage is also applied at the low voltage terminals of the 
transformer, stepped up by the transformer in accordance 
with its ratio, and applied to the gap combination. This 
is sufficient to break down the gap and the transformer 
voltage is then applied to a point between the two breakers. 
Thus it appears directly across the test breaker. This en¬ 
tire process takes place, as shown by the cathode-ray os¬ 
cillograph, within about 25 microseconds after the current 
reaches its zero value, or in about half the time required 
for the 10,000-cyde recovery transient to reach its first 
peak. 

Thus, except for a period of about 25 microseconds dur¬ 
ing which no current normally flows and the voltage across 
the breaker is comparatively low, current interrupted by 
the breaker and recovery voltage are the same as in an 
operation at full voltage and full current. 

For proper operation of the circuit, it is necessary that 
the gap combination should not break down appreciably 
before the time of current zero, and as the arc voltage when 
stepped up by the transformer ratio, had occasional volt¬ 
age surges comparable with the recovery voltage in magni¬ 
tude, a special gap arrangement was introduced to insure 
proper operation. 

The design of this arrangement was facilitated by the 
fact that the breaker always interrupted after either one or 
two loops of current, according to the point on the voltage 


by equal resistances of about 120,000 ohms, but one of the 
two gaps was also shunted by a resistance of 1,000 ohms in 
series with a rectifier, the polarity of the rectifier being 
made such as to prevent current flow in response to arc 
voltage, but to permit flow in response to recovery voltage, 
which is of the opposite polarity. 

Thus during the arcing period, the voltage is substan¬ 
tially equally divided between the two gaps by the higher 


3000 VOLTS 
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Figure 6. Special testing circuit 

resistances and the combination has a maximum break¬ 
down strength. For the recovery voltage, however, one 
gap is shunted by a resistance of only 1,000 ohms, so that 
practically all of the applied voltage appears across the 
other gap. When this gap breaks down, the transformer 



supplies voltage to the breaker through a resistance of 
1,000 ohms, which is low enough so that the drop across it 
is negligible, and thus, in effect, the gap combination 
breaks down oh recovery voltage at about half the value 
required on arc voltage. As a matter of interest, the sec¬ 
ond gap usually breaks down either immediately or after 
about 50 microseconds when the voltage is falling in the 
second half of the first recovery oscillation. 

The magnetic oscillograms of figure 7 and the cathode- 
ray oscillogram, figure 8, indicate the performance of both 
breaker and circuit. Curves 3 and 6 show the short-cir¬ 
cuit current, which has a very small minor loop followed 
by a large major loop. Within 0.05 cycle after the start 
of the major loop, the trip current responds, and at 0.6 
cycle, motion of the contact rod starts (curve 2). Pres¬ 
sure (curve 7) is quickly generated by the primary break, 
and at the end of the first cycle the circuit is cleared. Curve 
5 shows the voltage across the breaker, and it will be noted 
that the appearance of the curve immediately after inter¬ 
ruption is no different from that corresponding to a con¬ 
ventional test at 12,500 volts. 

Figure 5. Rear The application of voltage to the breaker immediately 
view of housing after “ terru P ti ° n is shown in more detail by the cathode¬ 
showing control ray oscillogram. Two curves are shown on this record. 

pjuj The lower curve shows the voltage at the transformer side 

of the gap. Irregular oscillations occur in this curve dur- 


wa.ve at which the short circuit struck. Since both the 
point on the voltage wave and the polarity of the first loop 
of short-circuit current were subject to control by the syn¬ 
chronous closing switch, it will be obvious that the polarity 
of the last loop was likewise controllable. The gap ar¬ 
rangement consisted of two sphere gaps in series shunted 


ing the arcing period; then, at the cessation of current, the 
voltage changes its polarity and swings into the recovery 
oscillation. A slight discontinuity is noticeable in this 
curve as it rises to the first peak of this recovery oscilla¬ 
tion. This indicates the time of breakdown of one gap. 
Another discontinuity slightly after lie peak indicates 
the breakdown of the second gap. 
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The upper curve shows the voltage across the breaker. 
During the arcing period, the deflection is barely percepti¬ 
ble. As the recovery voltage rises, however, the first gap 
breaks down and from that time on, except for a short time 
after the first peak when the breaker voltage is somewhat 
higher than the transformer voltage, the breaker voltage 
follows the same course as that of the voltage on the trans¬ 
former side of the gaps. Thus the only period after cur¬ 
rent zero during which the voltage across the breaker is 
not at least as severe as that encountered on a 12,500-volt 
test is a very short time during the early part of the re¬ 
covery oscillation when both voltages are comparatively 
low. 

In a one-cycle breaker, the severity of the duty in a 
given test is likely to be a function of the point on the volt¬ 
age wave at which the short circuit strikes and may be the 
greatest at a point on the wave quite different from that 
which gives maximum displacement to the current wave, 
or maximum root-mean-square value of the total current. 


and the contacts separate about 0.6 cycle after the incep¬ 
tion of short circuit, the situation is as shown in figure 9. 
Here curve a shows a current wave initially fully displaced, 
and curve b a current wave about 50 per cent displaced, 
with the minor loop first. While curve a gives a higher 
root-mean-square value of current measured over the full 
duration, it comes to zero, on account of the decrement, 
somewhat before a full cycle has elapsed, and runs below 
curve b from 0.65 cycle on. Thus it gives a lower value of 
ampere-seconds in the arc than curve b. The greatest in¬ 
ternal pressures were found to be generated in the breaker 
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Figure 7. Magnetic oscillograms of an interruption at 12,500 
volts, 60,000 amperes by special testing circuit 

Curve 1—Trip-coil current 

Curve 2-^Contact travel: one-fifteenth inch per step 

Curve 3—Current throush breaker 

Curve 4—Piston travel: one-fifteenth inch per step 

Curve 5—Voltage across breaker 

Curve 6—Current through breaker 

Curve 7—Pressure in contact chamber 

Curve 8—Timing wave—60 cycles 


This was the case with the present breaker, and may be ex¬ 
plained roughly as follows. 

It may be expected that the severity of the duty will be 
a more or less direct function of the gas generation. This 
will depend approximately upon the ampere-seconds from 
the time of contact separation to the time of interruption, 
which will usually be the next current zero. Now when 
there is decay of the d-c component, as is always the case, 


Figure 8. Cathode-ray oscillogram taken with figure 7 


Curve 1—Voltage across test circuit breaker 
Curve 2—Voltage at transformer side of gap 


in cases similar to curve 6, and, as will be seen in the tabula¬ 
tion of tests given below, care was taken that this particu¬ 
lar condition was well represented in the test series. 

As railway service is likely to involve more frequent 
short-circuit operations than either central-station or in¬ 
dustrial service, these breakers were built to withstand a 
large number of short-circuit interruptions and the breaker 
was subjected to the complete series of tests shown in 
table I without changing contacts or oil. 

In all but one of these tests, the fault was cleared within 
one cycle after its inception. This exception was one of 


k-CONTACTS 


Figure 9. Com¬ 
parison of fully 
displaced current 
wave with 50 per 
cent displaced 
wave having 
minor loop first 



SHORT CIRCUIT-CYCLES 


the light-current tests which started with a minor loop too 
small to trip the breaker. The breaker tripped on the 
second loop, however, and cleared the circuit on the third. 

Figure 10 shows the condition of the contacts after test, 
and it will be noted that the burning is quite moderatejfor 


Transactions 


Skeats—Railway Circuit Breaker 


Electrical Engineering 










































Figure 10. Contacts from impulse oil circuit breaker, 
15,000 volts, 1,500 amperes, after test 


the large number of severe short circuits interrupted. 

Following the short-circuit tests, and without changing 
the oil or any breaker parts, a high-potential test was ap¬ 
plied to the breaker resulting in a breakdown at 49 kv. 
The path at this breakdown, however, was through a hole 
which was drilled in the instilating lining to permit pres¬ 
sure measurement during the interrupting-capacity tests 
and when a sound lining was used together with the oil 


Table I. Tests 


Num¬ 
ber Opening or 

of Closing- Testing Point on 

Tests Opening Voltage Current Circuit Voltage Wave 


10. CO... 12,500.. 3,400- 5,500. .Conventional.. .Random 

20. CO... 3,000.. 38,000-70,000.. Conventional... Random 

10 . 0. 3,000/12,500..36,000-68,000..Special.E q u a 1 1 y 

spaced over 180 
degrees 

10. 0.3,000/12,500. .Approx. 40,000.Special.Selected for 

highest tank 
pressure 

4. O.3,000/12,500..Approx. 67,000.Special.Selected for 

maximum dis¬ 
placement 


from the interrupting-capacity tests, the breaker withstood 
54 kv for 55 seconds. 

After the first high-potential test, a heat run was made 
on the breaker, using the burned contacts and the dirty 
oil, with a maximum temperature rise of 28 degrees centi¬ 
grade. 

Conclusions 

On the basis of the foregoing, the following conclusions 
may be drawn: 

1. In an exceptionally thorough test program the breaker has shown 
itself adequate for the severe service for which it is intended, inter¬ 
rupting currents from 3,000 amperes beyond its rating of 65,000 
amperes within one cycle, over 50 times without inspection of con¬ 
tacts or change of oil. 

2. The testing scheme used, by a four-to-one increase of effective 


plant capacity, has more than overcome the handicap which the 
low frequency placed upon the testing plant. 

Reference 

1. The Impulse High Speed Circuit Breaker, W. K. Rankin. G. E. Re¬ 
view, volume 34, October 1931, pages 553-8. 


Discussion 

J. B. MacNeill (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): The method of testing oil circuit 
breakers with a high current at low voltage followed immediately 
after the interruption by the superposition of high voltage across 
the open contacts of the switch is questionable, because the condi¬ 
tions in the arc as the current approaches zero are different when 
this scheme is employed from the conditions that would apply under 
a circuit giving the same amount of current at the high voltage 
initially. We are all hoping that ways will be found for improving 
circuit breakers for large interrupting capacities by the use of rela¬ 
tively small testing equipments, as the handling of switchgear busi¬ 
ness with a normal cost probably will demand something of this 
kind for the future. The greatest care must be used, however, to 
assure reliability of such “synthetic” methods. 

A review of past test experience will throw some light on this 
subject. It is definitely known that test circuits vary in severity 
and that circuit interrupters which are wholly adequate on some 
circuits are entirely inadequate on others. The speed of restored 
voltage and the maximum value to which restored voltage goes are 
major factors. However, the condition in the arc as the current 
approaches zero is influenced by the voltage available across the 
circuit during the interruption and must be given consideration. 

Let us look at data taken on the same circuit breaker on two 
different test laboratories with practically the same applied voltage 
and approximately the same currents interrupted. Table I shows 
such a comparison, with the arcing time on the more severe labora¬ 
tory averaging 3.2 cycles and on the less severe laboratory averaging 
2.1 cycles. Again, table II shows a similar comparison on a circuit 


Table I. Low-Current Tests 


100,000 Kva, 15-Kv Breaker 



Laboratory 1 

Laboratory 2 


Test number. 

,35702...35703. 

.2-5807. . .2-5809. .2-5809 

.2-6810 

Voltage.. 

. . 12,000.., 12,000. 

.13,200... 13,200... 13,200. 

.13,200 


{ 830...830... 

.900.900.1,200.. 

.1,200 

Current (amperes).... 

880. ..1,060,. 

.Three., .Three.. .Three. 

. Three 


( 870. ..1,300.. 

.Phase.. .Phase.. .Phase. 

.Phase 

Duration of arcing 

(2.0...2.5... 

.3.0.3.0.....3.5... 

.3.6 

(cycles)... 

..<2.0...2,0... 

.2.5.;,..3.5.....3.6. ,. 

.3.0 


(2.0...2.0... 

.3,0.3.5.3.0. .. 

.3,6 

Average current_ 




Average arcing time.. 

.2.1 .. 




Table II. Medium-Current Tests 


Laboratory 1 

Laboratory 2 


Test number.. 

...35706...35707. 

. 2-5811. .2-5812. . 2-5813. 

. 2-5814 

Voltage. 

.. .12,000... 12,000. 

. 13,200... 13,200... 13,200., 

. 13,200 


L 2,870..3,120.. 

.2,600.... 2,500..,. 3,500... 

.3,500 

Current (amperes).. 

,...<2,910.. 2,410.. 

;. Three.. . Three.. . Three.. 

. Three 


| 3,200..3,000.. 

.. Phase... Phase... Phase.. 

. Phase 

Duration of arcing 

12.0. ..2.0... 

.3.3.3,5. ... .3.0. ... 

.3.0 

(cycles),.......... 

... . < 1.5. ,,2,0.,. 

.3.5-3.5. ... .3.0. ... 

,3.5 


( 1.5. . .2,0 .,\ 

.3.5. .... .3.5.3.0_ 

.3.6 

Average current. : ... V 


. 3,000 


Average arcing time. 

..........,.1.8... 




July 1938, Vol. 57 Skeats—Railway Circuit Breaker Transactions 363 


























breaker tested in the same two laboratories with the same applied 
voltage and approximately the same currents interrupted. Here 
the average arcing time on the more severe laboratory is 3.3 cycles 
on a 60-cyde circuit and on the less severe laboratory is 1.8 cycles. 

These differences in arcing times result in wide differences of arc 
energy as the last half cycles carry more arc energy and more de¬ 
structive effects on the contacts and oil. If two laboratories de¬ 
signed for the same specific purpose of circuit breaker testing give 
such widely different results when operated at the same voltage 
and applying the same short-circuit current, then we are bound to 
have reservations on any wide extrapolation such as is caused by 
testing at a low voltage and superposing across the open contacts a 
voltage several times as great. If the device under test is good for 
the given current at the higher voltage, then of course the test 
method used is of secondary importance. If, on the other hand, 
there is doubt of the ability of the device to handle the current at 
the high voltage, very little added assurance is given of the ability 
of the device by the superposed voltage method. 

A preferred method of demonstrating the ability of higher power 
interrupters is that of dividing the interrupting device into several 
duplicate parts, each of which can be separately demonstrated to the 
limit of capacity to which it will be subjected on the complete 
apparatus. This requires means for assuring proper division of the 
duty between the several units, but such means have been ade¬ 
quately developed. For the present, however, service requirements 
do not call for extended subdivision of interrupting devices so that 
this method also like the one discussed by Mr. Skeats is of limited 
application. 

Any assumption made from tests on 3,000 volts alternating current 
looking toward verification of higher voltage devices must be care¬ 
fully reviewed. Three thousand volts alternating current is easy to 
switch, especially at high current. Under oil a plain break one inch 
long is adequate. Even in open air certain modifications of standard 
carbon breakers will do the work. This however, gives no feeling of 
security regarding 12,000-volt operation, which is a more difficult 
problem. 


W, F. Skeats: Mr. MacNeill presents a table showing consider¬ 
able difference in the arcing times of the same breaker in tests in 
different laboratories, claiming this difference as evidence of un¬ 
reliability of the testing method described in the paper. However, 
an examination of the differences in testing conditions which might 
be responsible for this difference in behavior reveals three: 

1. A probable difference in the rate of rise of recovery voltage; 

2. A difference in the magnitude of recovery voltage as evidenced by the 
higher test voltage in the second laboratory; 

3. A somewhat higher system voltage during the period of current flow. 

Of these, items 1 and 2 are admitted by Mr. MacNeill to be of 
major importance, and they may be well simulated in the testing 
method described. The third item must derive what effect it has 
from any distortion introduced into the current wave by the increase 
in the relative importance of the arc voltage when the system voltage 
is decreased. In the usual case, this distortion is not great. On the 
basis of the evidence presented, therefore, it appears that the im¬ 
portant differences in Mr. MacNeill’s test conditions are those 
which can be readily taken care of in the test method described in 
the paper. 

Again, Mr. MacNeill points out that 3,000 volts alternating cur¬ 
rent is easier to switch than 12,000 volts and that any assumption 
based on tests at the lower voltage must be carefully reviewed before 
being accepted as valid with reference to performance of the tested 
device at the higher voltage. This is of course true, but here Mr. 
MacNeill does not even make the statement that the difference does 
not lie in the recovery characteristic, which is certainly where it is 
to be expected and which is simulated by the test method described. 

As a matter of fact, a few tests made on an early arrangement of 
the breaker by the conventional method and also at the same voltage 
and current, by the scheme described indicate this scheme to be 
somewhat more severe than the conventional method. This is 
attributed to the fact that this scheme overemphasizes the increase 
caused by the arc voltage amplitude of the recovery oscillations. 
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Printing Telegraph Operation of Way Wires 

By G. S. VERNAM 

ASSOCIATE AiEE 


Synopsis: Although most commercial telegraph trunk circuits have 
been operated by printing telegraph methods for some years, Morse 
operation has been generally adhered to on way wires. Arrange¬ 
ments for operating way wires by printing telegraph have been 
developed, and are described. These include a polar simplex system, 
a neutral way-wire system, a code calling bell arrangement, and a 
multistation customers' printer circuit that provides secrecy by 
preventing the connection of more than one customer's printer to 
the line at a time. The paper also describes a new single-line re¬ 
peater arranged to repeat polar as well as neutral signals, and a 
"dotter” for transmitting uniform test signals. 


C OMMERCIAL telegraph messages are transmitted 
between major cities over a network of trunk lines, 
usually operated by the multiplex printing telegraph 
method. These trunks terminate at main *‘relay offices” 
of the telegraph company, from which lines radiate to 
smaller cities and towns. Some of these radiating lines 
are direct trunks to cities having a considerable amount 
of traffic, and are equipped with start-stop printers, 
operated either single or duplex, in other cases, the 
traffic to a single place is not enough to justify exclusive 
assignment of a line conductor, and intermediate offices 
or “way stations” are connected into the circuit to increase 
the traffic load. Such circuits are called way wires. 

The manual or Morse method of operation has been used 
on these way wires, because of its simplicity and low line- 
signal frequency and because of the cheapness and ease of 
adjustment of the apparatus. The way-station operator 
will usually be the manager of the office, and to provide 
continuous service a second operator should be available 
to cover lunch periods and to permit the manager to take 
care of other business. 

The advent of telephone train dispatching and the 
increasing use of printers on commercial telegraph circuits 
and on private leased wires has reduced the supply of 
available Morse operators, so that it is becoming difficult 
to obtain Morse operators. It is usually better to hire a 
suitable manager, who can be trained easily and quickly 
to operate a printer. A messenger can learn in a short 
time to operate a printer well enough to act as relief 
operator. It is evident, therefore, that it is desirable 
in many cases to substitute printer operation of way wires 
for Morse. 

Another use for printing telegraph operation of multi¬ 
station circuits is for connecting private customers* 
offices to a telegraph office, where the customers are lo¬ 
cated at a considerable distance from the telegraph office, 

Paper number 37-160, recommended by the AIEE committee on communica- 
2«U28 a i938 eSeilted at the A,IBB winter convention, New York, N. Y., January 

Ywk n B Y AM iS ** en ff ilieer tar the Postal Telegraph-Cable Company, New 

1 . For all numbered references, see list at end of paper. 
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but are so placed that they can be connected in series on a 
single circuit. The total traffic received from all cus¬ 
tomers may justify the cost of such a line, where it would 
be uneconomical to provide a separate line to each custo¬ 
mer. In such cases, the system must be so arranged that 
messages to or from any customer cannot be copied by 
other customers’ printers on the same circuit. 

Multistation Leased Lines 

By “leased line” is meant the type of circuit used for 
so-called “private wire service,” where a subscriber 
contracts for the exclusive use of a telegraph circuit, over 
which he transmits and receives his own m ess ages. 
Multistation leased lines have some points of similarity 
with the commercial telegraph way wires discussed in this 
paper, but in other respects their requirements are quite 
different. A previous paper 1 describes this “private 
wire service” and points out the fact that the start-stop 
printer or teletypewriter is particularly suitable for this 
type of service because of its simple sending, receiving, 
and timing arrangements, and its automatic ability to take 
care of varying lags in signals transmitted from any 
sending station to any receiving station. For the same 
reasons, the start-stop printer is suitable for way wires. 

In many cases the messages sent from any station on 
these private leased-wire circuits are intended to be re¬ 
corded at all other stations, as, for example in the case of 
press or police circuits. In other cases, messages are 
intended for a particular station and it may be desirable 
to use a selective calling arrangement. The Gill telegraph 
selector 2 has been used in some cases for automatically 
starting and stopping the printer motor at the desired 
station, when the proper code signal combination is 
transmitted. This type of selector usually operates on all 
message signals that pass over the circuit, but it does not 
close its contacts unless a particular combination of 
signals is received. This continual operation of the selec¬ 
tor mechanism causes wear and maintenance expense. 
This difficulty has been avoided in other selective 
calling systems 8 where telephone dials are used to 
operate step-by-step switches and relays. In these 
systems, the selective equipment is normally disabled 
while printing signals are being transmitted and is cut 
in by slow acting relays when the printers are shut down. 

These multistation leased line circuits may extend for 
long distances, through several telegraph central offices 
where telegraph repeaters are located, with trained per¬ 
sonnel for adjusting them. The individual stations are 
connected to these central offices over comparatively short 
loops, which present no severe transmission problems. 
The cost of the long line circuits and the large volume of 
traffic transmitted, justify the use of elaborate repeating 
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and selecting equipment, if these are needed to provide 
good service. 

Printer Way-Wire Requirements 

The requirements for operating printers over commercial 
telegraph way wires are quite different from those for 
operating over private wire multistation lines. These 
way wires extend from a main telegraph office, through 
one or more intermediate “way stations,” to a ter mi nal 
office, which may also be considered as a way station. 
Traffic is exchanged between the main office and each way 
station, but messages are seldom, if ever, transmitted 
directly from one way station to another. 

The way stations are usually located at a considerable 
distance from any main telegraph office and skilled attend¬ 
ants are not available for balancing duplex sets or for 
making any but the most simple adjustments. For 
these reasons, the way-station apparatus must be simple 
and reliable. To compare favorably with Morse opera¬ 
tion, the cost of the equipment must be kept down, 
expensive selecting equipment which may require fre¬ 
quent maintenance attention should be avoided, and the 
power consumption should be reduced to a minimum. 

The best wires are not ordinarily assigned to these way- 
wire circuits. They are usually open-wire ground- 
return lines and are frequently subject to severe leakage 
during wet weather and to induced interference from other 
telegraph circuits or nearby power lines. Start-stop 
printer signals, at the usual transmitting speed of about 
60 words per minute, are approximately twice as fast as 
the usual Morse signals. For satisfactory printer opera¬ 
tion, signal distortion, particularly bias, must be kept 
below definite limits. These factors impose severe re¬ 
quirements on the system of signal transmission used, and 
in some cases make it necessary to use polar (+ and —) 


main office 


+ 



signals. In other cases, the ordinary closed circuit 
neutral (make and break) system can be used. 

Means should be provided for calling the main office 
from any way station and for calling any particular way 
station from the main office, so that the printers can be 
shut down when not in use. This avoids having messages 
intended for one way station printed at all other stations, 
reduces the wear on the printer mechanisms and saves 
power. A simple code calling arrangement, with single¬ 
stroke a-c bells, is being used instead of selectors, so that 
no d-c supply is required during idle intervals at the way 
stations, except in a few cases where it is needed at 
terminal way stations for line current or for operating 
repeaters. 

Polar Simplex System 

In this system, 4 polar (+ and —) signals sent from any 
one station are received by polar relays in series with the 
line at all other stations, and switching relays are pro¬ 
vided for automatically connecting and disconnecting the 
source of transmitting current to reverse the direction of 
transmission, so that a station formerly receiving can 
send back to a station that was formerly transmitting. 
Any receiving station can “break” or interrupt the sending 
station, the operation of the printers being exactly the 
same as on a single closed-circuit line. While sending 
polar signals from either terminal station, the line is 
grounded at the other terminal station; and while sending 
polar signals from an intermediate station, the line is 
grounded at both terminal stations. Whenever sen din g 
stops, the circuit returns to the normal, idle condition, 
with line current supplied from the main office. 

While the circuit is idle, all printer motors can be 
switched off, as well as the power rectifiers at all way 
stations. Any way station can call in, operating a signal 
lamp and buzzer at the main office, and the main office 
can call any way station by operating a single-stroke bell 
at each station. 

Figure 1 is a simplified diagram of that part of the circuit 
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that is concerned with sending and receiving printer 
signals. It shows a main office and one way station. 
The line may extend through several way stations, but as 
they are identical, only one is shown. Certain parts, such 
as call bells, signal relays, and the local operating circuits 
of the switching relays have been omitted from this figure 
to simplify the drawing. 

Negative “marking” battery is normally connected to 
the line at the main office. When the keyboard is oper¬ 
ated, pole changer PC transmits (+) spacing and (—) 
marking signals over the line. Polar line relay L re¬ 
sponds to these signals and operates the main office 
printer. Polar relay LB at the way station also responds 
and operates the way station printer. Switching relays 
55 and RS, at the main office, operate and remain oper¬ 
ated until transmission stops. They have no effect 
however except to open the biasing winding circuit of 
relay L . Break relay B is held by a current through its 
lower winding equal to about one and one-half times the 
line current. If the line circuit has considerable capacity, 
line current surges may operate this relay momentarily at 
the beginning of each spacing signal, but this will have no 
effect, as relay B C is of the slow-release type and the short 
circuits momentarily applied by relay B to relay PC occur 
at a time when its operating circuit is open at the key¬ 
board. 

Signals sent from the way station keyboard operate 
the printer magnet as well as pole changers PCA and PCB . 
Switching relay 55' operates during the first spacing 
signal and remains operated until the way station operator 
stops sending. It switches the marking contact of PCA 
from ground to the (+) terminal of the rectifier. The 
rectifier is connected in series with the line and is reversed 
by the pole changers to transmit polar signals over the 
line toward the main office and also over the line toward 
the terminal way station. It should be noted that the 
direction of current in the line, for marking and spacing 
signals, respectively, is the same regardless of whether the 
main office or a way station is sending. 

Relay LB does not respond to signals from the pole 
changers at its own station, as marking signals trans¬ 
mitted through both windings in series hold its armature 
against the marking contact, and spacing signals are sent 
to line through only one winding while marking current 
continues through the other winding and is adjusted by 
rheostat HR' to be about one and one-half times the line 
current. As in the case of relay B } relay LB may be 
operated momentarily by spacing current surges due to 
line capacity. This will open the circuits of the printer 


magnet and pole changers at a time when they are already 
open at the keyboard contacts. 

As (—) battery is normally connected to the line at the 
main office, the first spacing signal from the way station 
reduces the line current approximately to zero, at first, 
instead of reversing it. Relay L is now operated, how¬ 
ever, by biasing current through its lower winding, regu¬ 
lated by rheostat BR to be only slightly less than the 
normal line current. Relay L immediately grounds the 
line through the winding of relay G , allowing the line 
current to reverse. Relay G operates switching relay RS 
(over circuits not shown). Relay RS f which remains 
operated as long as relay L responds to signals, discon¬ 
nects the (—) battery from the line and grounds the line 
through both windings of relay L. Relay L operates the 
main office printer magnet causing the printer to record 
the message being transmitted from the way station. 

When the way-station operator stops sending, relay 
RS releases and applies battery to the line at the main 
office and relay 55' releases and disconnects the rectifier 
from the marking contact of PCA at the way station, so 
that the circuit is automatically restored to its normal idle 
condition with line current fed only from the main office. 
Relay RS is timed so that it always releases before relay 
55', so that marking signal current is always applied to 
the line at the main office before it is removed at the way 
station. If the way station operator sends in a slow or 
hesitant manner, relay RS may release occasionally during 
the message. The momentary double strength marking 
current will have no bad effect, however, as relay RS 
applies the bias current to relay L at the same time. 

Relay P is operated by direct current from the rectifier. 
It serves to disconnect the way station printer set from 
the line when the power is switched off. The arrangement 
is such that any way station set can be switched on and off 
without momentarily opening the line or otherwise inter¬ 
fering with other stations that may be using the line. 

Any station can interrupt transmission from another 
station by operating any key on the keyboard several 
times in succession or by opening the keyboard circuit 
with a push button “break” key such as that shown at the 
way station. When a spacing signal from the “breaking” 
station occurs at the same time as a spacing signal from 
the transmitting station, the double strength current in 
the line operates the armatures of the B and LB relays to 
their spacing contacts, overcoming the holding currents 
through rheostats HR and HR r . Relay LB releases pole 
changers PCA and PCB as well as the printer magnet. 
As long as the double-strength current continues, the 


Figure 2. Polar simplex—calling 
circuit 


MAIN OFFICE 


RECTIFIER 


WAY STATION 


LINE 
X V" 




THROUGH 
RELAYS 
SEE FIG. 1 


* SIMILARLY THROUGH 
OTHER WAY STATIONS 110 VOLTS AC 



(LR) 

y- N - E —vM 


(L) 



i 


ElM 


ci jP 


(BR) 


“WSrji'l-X. 


(G) 


(S) 



v "f~°TL 

a_jl _o ~ 

PUSH 

BUTTON 



'l*IL 


U ^-BUZZER 
1 "ON CALL" "OPERATE" 

tLr motor 

- y - 

VOLTS AC 


JCT 


July 1938, Vol. 57 


Vernam—Printing Telegraph 


Transactions 367 





contacts of relay LB will remain open and the pole chang¬ 
ers and printer magnet will remain released, th»s giving a 
definite indication of the break signal at the way station. 

At the main office, relay L opens the printer magnet 
circuit to indicate the break at that station, relay B 
releases relay BC and both relays connect a ground 
through contacts of relay 55 to short-circuit pole-changer 
PC. The double strength break current continues, 
therefore, as long as relay 55 remains operated. When 
the main office operator stops sending on the keyboard, 
relay 55 releases and allows pole changer PC to operate 
and send marking current to the line. This allows relays 
B and LB to operate and restore the circuit to normal. 

Figure 2 shows the calling-signal arrangement. This 
apparatus is included in the line circuit of figure 1, but is 
shown in a separate diagram to simplify the drawings 
Slow-release relay S' at each way station is connected to 
the line through a small copper-oxide rectifier so that the 
line current always flows in the same direction through the 
relay. This relay remains operated on all printing signals 
but releases when the line current is stopped by depressing 
the push button at the main office. The main station can 
operate the call bells at all way stations, regardless 
whether the power is turned on the way station sets or not 
To call the main office, the operator at any way station 
switches on the local power and depresses the push button 
or any key on the keyboard. Relays L, G, and 5 respond 
to operate the buzzer and light the signal lamp at the 
main office. These signals are released when the main 
office operator turns on the printer motor to answer the call. 

The only operating adjustments required with this 
system, are the settings of the three rheostats at the main 
office and the one rheostat at each way station. If 
properly adjusted, when the circuit is first installed, they 
usually require no further adjustment, except that, in 
•cases where considerable interference or very heavy 
...age is ^Perienced, it may be necessary to readjust 
bias rheostat BR, at the main office, occasionally. The 
adjustments of break holding rheostats HR and HR' are 


not critical, and even if incorrectly adjusted they are not 
kkely to affect the operation of the printers but they may 
interfere with the proper action of the “break” feature. 

The main-office circuit can be arranged so that the 
circuit can be extended through a concentrator to one of a 
group of main-office printers or over a duplexed line or 
earner circuit to a distant city. The concentrator permits 
grouping the polar simplex way wire with other lightly 
loaded circuits and connecting these circuits to the main 
o ce printers, only when needed for sending or receiving 
messages. This reduces the number of main-office 
printers required and improves the operating efficiency at 
that office. The extension to a distant city can be used 
or special purposes such as the transmission of news 
directly from the way station without rehandling at the 
mam office. 

Neutral Way-Wire Printer System 



Figure 3. Repeater 
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„ Wtee line conditions are not too severe, the simpler 
neutral way wire” system can be used. This system 
uses neutral printing signals and reversed current or 
polar signals for operating the call bells. If the line 
resistance is not too great, the line may be connected 
directly to ground at the terminal way station, the line 
current being supplied from the main office. Positive 
battery is normally connected to the line at the main 
office, and for longer lines, a reduced negative voltage can 
be connected to the line at the terminal way station. As 
this is of the same polarity as the bell signal potential at 
the mam office, the bell signal current will be reduced to a 
comparatively low value, normally about 15 milliamperes, 
but this is sufficient to operate the sensitive polar relay 
that rings the call bell. 

For still longer lines, a single-line repeater can be in¬ 
stalled at an intermediate station. A special repeater 
for this purpose, is shown in figure 3. Ordinary single- 
line repeaters can repeat neutral or "make and break”' 
signals only. If equipped with fast relays, they can be 

used to repeat start-stop 
P rinter signals. The repeater 
iSlffllltlilS:- shown in figure 3, however, is 
...lliliili arranged to repeat the polar 
liaiill beU sisals as well as the 

!llll8iH neutral printing signals. 

: At the main office, the. line 

may be connected perma- 
WM nently to a printer set, if 
there is enough total traffic 
to justify it, or it may be 
connected to a concentrator of 
either the manual or auto¬ 
matic 6 type. For purposes of 
illustration, figure 4 shows a 
neutral way-wire circuit ter- 
,^jf minated in a manual concen- 
^ J®| trator at the main office, with 

an intermediate repeater, with 
polar bdl signal equipment 
at each way station and with 
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Figure 4. Neutral way-wire printer circuit with repeater 


a potentiometer for supplying a reduced line potential at 
the terminal way station. 

High-Speed Neutral Relay 

The repeater uses a new fast neutral or nonpolar relay, 
two of which are shown mounted on the repeater in figure 3. 
This relay has a laminated core, an aluminum armature 
lever pivoted on a stainless-steel knife edge, operating two 
pairs of contact springs. The contacts are of molyb¬ 
denum, mounted on beryllium copper springs, and are so 
arranged that they can be adjusted for either break- 
before-make or make-before-break operation. The latter 
adjustment is applied, when the relays are used in this 
repeater. The relay contact springs, and the adjustable 
spring, are so designed that the increase in spring tension, 
as the relay operates, closely balances the increase in 
magnetic pull, as the armature approaches the poles of the 
magnet core; with the result that the operate and release 
adjustments of the relay can be brought close together, 
without adjusting the airgap, as is necessary in the usual 
type of neutral telegraph relay. Only one simple spring 
adjustment is required, therefore, to adapt the relay to 
meet a wide range of operating conditions, including 
operation over lines subject to considerable leakage. This 
design and method of adjustment also maintains heavy 
•contact pressures at all times and increases the reliability 
of the relay. 

Single-Line Repeater 

Referring to figure 4, with positive battery connected 
to the line at the main office, the contacts of the polar 
relays at the repeater and at the way stations are held 
open by the line current and when the line is opened and 
closed in transmitting printer signals they are held in the 
same position by their armature biasing spring. Each of 
the neutral relays of the repeater responds to printing 
signals received over one line section and repeats them 
into the other line section. Each relay also controls a 
locking circuit for the other relay to prevent it from re¬ 
leasing during the open or spacing intervals in the out¬ 
going signals. As previously explained, the relay contacts 
are flexible, and are so adjusted that, when the relay 
releases spacing contact S closes before marking contact 
M opens, and when the relay operates, contact M closes 
before contact 5 opens. Therefore, when either relay is 


repeating signals, the other relay will remain continuously 
operated, as its circuit always remains closed, either 
through the M contact and line circuit or through the 5 
contact and locking resistance. As each relay closes the 
local locking circuit of the other relay only during spacing 
signal intervals, the repeater is in condition, during mark¬ 
ing signal intervals to transmit a “break” signal from the 
receiving to the sending station, thus permitting any sta¬ 
tion to interrupt transmission, if necessary. 

During idle periods, any way-station operator can call by 
depressing his “break” key, momentarily opening the line, 
releasing the signal relay, and lighting the signal lamp at the 
main office. The main office operator responds by plug¬ 
ging a printer set cord into the jack and answering on the 
printer keyboard. 

The main-office operator can call any way station by 
plugging in and depressing the push button the proper 
number of times. This transmits a reversed current of 
reduced strength (about 15 milliamperes) over the line 
operating the call bells at any way stations between the 
main office and the repeater. Opposing currents now 
flow through the two windings of the right hand repeating 
relay, releasing it, and the reversed current operates the 
polar relay, thus removing the positive potential and con¬ 
necting a negative potential to the outgoing line and ring¬ 
ing the bells at way stations beyond the repeater. 

Referring to figure 3, the single-line repeater consists of 
a pair of high-speed neutral relays mounted on a base or 
chassis, together with certain auxiliary equipment. The 
chassis is an aluminum-finished steel box with a de¬ 
tachable base plate. It contains the resistors, spark 
killers, rheostats, switches, and jacks and mounts a re¬ 
ceptacle for a power-supply plug, a terminal strip for 
external wiring connections and sub-bases into which the 
relays are plugged. The polar bell signal relay is mounted 
on a bracket at the right side of the repeater and there is 
room for mounting a milliammeter, if required, at the left 
side. When installed at a way station, this repeater can 
be mounted on any convenient table or shelf, or if installed 
at a main office it can be mounted on a standard repeater 
rack. 

A jack is provided in each line for inserting a milliam¬ 
meter to measure the line current, which can be regulated 
by a rheostat. The center jack is in a local test circuit 
used for checking the adjustment of the relays. When the 
left-hand switch on the repeater chassis is turned to the 
“cut” position, the “marking” contacts of both repeating 
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Figure 5. Rear view of printer with dotter attachment 


relays are connected in series with this local test circuit. 
To line up the repeater, the current is measured in this 
local test circuit and then uniform dot signals are trans¬ 
mitted from an interrupter or “dotter” at the main office. 
The armature spring of the repeating relay is then ad¬ 
justed until the milliammeter indicates half the closed- 
circuit current in the local test circuit. Dotter signals are 
then sent from the terminal way station to adjust the 
other repeating relay in the same way. The adjustment 
should be checked for both wet and dry weather conditions. 
It has been found that, in most cases, a mean adjustment 
can be obtained that will operate satisfactorily for long 
periods without change. 

Figure 5 shows a “dotter" that will transmit uniform 
signals at the same frequency as the printer signals. To 
reduce its cost, it has been designed as an attachment to a 
standard tape printer. It consists of a small commutator 
driven by the printer motor. A link extending to the 
front of the printer lifts the brushes off the commutator 
and tilts a mercury switch to short-circuit the dotter 
when it is not in use. 

Figure 6 is an oscillogram illustrating the action of the 
repeater in repeating printing telegraph signals. The 
upper curve shows signals as received by the repeater 
over an artificial open wire line equivalent to 260 miles of 


number 9 (American Wire Gauge) copper with leakage 
of one megohm per mile. The signals were transmitted 
from a “dotter” at a speed of 50 dots per second (100 
bauds), which is approximately twice the usual printer 
signal speed. The lower curve shows the outgoing signals 
as repeated into a noninductive resistance circuit. It 
should be noted that, although the windings of one relay 
are included in the outgoing line, the inductance of the 
windings does not prevent the outgoing signals from 
having an approximately square wave shape. This is 
because the winding always has current through it, as 
previously explained, and there is no large change in 
the current through the relay while the other relay is 
acting to repeat signals. In this particular case, the 
relay-locking current was slightly greater than the normal 
line current, and the inductance of the relay winding has an 
effect opposite to that usually expected. It causes the 
line current to rise rapidly at the start of each closed 
circuit signal to a value approximately equal to the lock¬ 
ing current. Even if the inductance of another relay or 
printer magnet is included in the outgoing line, the out¬ 
going signals will more closely approach a square wave 
shape than if they were transmitted directly into the out¬ 
going line without going through the repeater. 

These oscillograms are included solely for the purpose of 
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illustrating the action of the repeater and do not represent 
the extreme conditions as regards signal speed, etc., under 
which the repeater can operate. 

Two-Wire System With Secrecy Feature 

In the previously described systems, the printer can 
be turned on at any way station to copy messages being 
transmitted by other stations. This prevents their use 
for circuits to private customers where privacy is required. 
To meet the need for a multistation line for connecting 
customers’ printers to a main telegraph office, the circuit 
shown in figure 7 was developed, and has been used for 
the last year and a half. As previously mentioned, this 
arrangement is suitable for cases where the customers’ 
stations are so located that they can be connected in 
series along a line. It can also be used, to advantage, 
where customers’ stations are located in a group close to¬ 
gether but at a considerable distance from the telegraph 
office. 

The number of stations that can be connected on one 
circuit is limited only by the amount of traffic to be 
handled. Too many stations should not be connected to 
one circuit, so as not to delay appreciably any customer’s 
messages. The circuit is normally arranged for a maxi¬ 
mum of ten way stations, but could be readily modified to 
accommodate more. 

This circuit requires two wires, which extend from the 
main office, in series through the way stations to ground. 
One of these wires, the “control” wire, is used for trans¬ 
mitting calls from the way stations to the main office and 
for controlling, from the main office, the starting and 
cutting in of the printer at any particular way station. 
The second wire, the “printing” wire, is used for trans¬ 
mitting printer signals and for stopping the printer motors 
and cutting out the way-station printers. 

A special form of selector is used at the way stations, 
consisting of two contacts operated by cams on the shaft 
of a small self-starting synchronous motor. The motor 
is somewhat like an ordinary electric clock motor and has 
reducing gears such that the cam shaft runs at a speed of 
four rpm. One of the cams is permanently fixed to the 
shaft, and its contacts serve the purpose of insuring that 
the motor cam shaft will make a complete revolution after 
it is started. The second cam is adjustable, and is set 
at a different position at each way station. Its contact 
serves to operate the motor-control relay, if the proper 


signal is received from the main office. A somewhat 
similar device is used as a sending selector at the main 
office. This has, in place of the adjustable cam, a dis¬ 
tributor or commutator, with one segment for each station 
to be selected. A manually operated ten-point switch 
is provided to connect the transmitting circuit to the 
particular segment corresponding to the desired station. 

To call a way station, the main-office operator first 
sets the ten-point switch to the-terminal corresponding 
to the desired station and then operates the key to the 
“call” position. This applies positive potential through 
the main office printer to the printing wire, releasing the 
“stop” relays and lighting the busy signal lamps at all 
stations. It also closes a circuit to start the sending 
selector motor. Immediately after it starts, a cam con¬ 
tact closes, to insure that the shaft will make a complete 
revolution. When the brush crosses segment S, the 
sending relay is operated momentarily, thus sending a 
positive impulse over the control wire and momentarily 
operating the “start” relay and the “selecting” relay at 
each way station. The start relays start the receiving 
selectors, and the cam contacts insure that their shafts 
make a complete revolution. After the start impulse, 
the sending relay sends negative current to the control 
wire until the sending selector brush crosses the segment 
selected by the ten-point switch, when a brief positive 
impulse is transmitted, momentarily operating the start 
and selecting relays again. 

At the desired station, the contact spring drops into 
the notch of the adjustable cam while this positive impulse 
is being received. At this station the motor-control relay 
operates and locks itself, starting the printer motor and 
removing a short circuit from the printer. At all other 
way stations, the adjustable cam is set at a different 
point, and, therefore, the motor control relays do not 
operate. At the main office, the control relay operates 
in series with the sending relay, at this time. It locks 
itself through the key contacts, starts the printer motor, 
and opens the starting circuit of the selector motor. 
After transmitting the positive selecting impulse, the 
sending relay continues to send negative current over the 
control wire, as the selector brush continues its revolution 
to the stopping point. 

The milliammeter indicates a slight reduction in current 
at the instant when the way station printer is cut in. 
This occurs at the same time as the starting of the main 
office printer motor, and indicates to the operator that the 

way station selector has re¬ 



sponded properly to the call. 
Messages can now be trans¬ 
mitted. 

It should be noted that 
the starting of the customer’s 
printer motor is controlled 
entirely from the main office 
and that no customer can 
start his own printer motor or 
remove the short circuit from 
his printer magnet. There- 


Figure 6. Oscillogram of repeater signals at 50 cycles per second fore, only one customer’s 
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printer can be connected, in operating condition, to the 
line at a time and it is impossible for one customer to 
copy another customer’s messages. The control equip¬ 
ment is installed in a locked box to prevent tampering 
with it. 

After the messages have been sent and acknowledged, 
the operator restores the key, thus releasing the control 
relay, stopping the main office printer motor, and apply¬ 
ing negative potential to the printing wire. This oper¬ 
ates the “stop” relays at all way stations, extinguishing 
the busy lamps and releasing the motor control relay to 
cut out the previously selected station. The key must be 
restored to the “off” position, and reoperated, in order to 
start the sending selector, if another way station is to be 
called immediately. This prevents the operator from 
calling a second way station by mistake, without first 
cutting out the station previously called . 

Any way station can call the main office by operating the 
call box. This is like an ordinary messenger call box and 
ansmits a series of open circuit impulses, different for 
eadi station. These impulses operate a single stroke 
bdl and a tape register at the main office, and the signal 


particular way station that called. In response to such 
calls, the mam office operator selects and calls this station 
m tiie same manner as for sending outgoing messages. 

r° ted can be “ and regis¬ 

tered while the line is busy. The busy signal indicates to 
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the calling station that an immediate response should 
not be expected as the line is in use by another station. 
It is very unlikely that a call box will be operated during 
the few seconds that the control wire is being used to 
operate the selectors. If this should happen, however, 
as the register relay will operate on either positive or 
negative current, and as the call-box signals are much 
faster than those sent out by the sending selector, such 
calls will be correctly received and usually will not inter¬ 
fere with the proper operation of the selectors. Even if 
they should prevent the proper starting of the motor at the 
called station, the milliammeter will indicate this to the 
main office operator, who can repeat the call by restoring 
an reoperating the calling key. In any case, incoming 
calls cannot cause the selection of a wrong station. 

Conclusions 

The conversion of way-wire circuits from Morse to 
printer operation has been retarded by lack of suitable, 
simp e, and reliable equipment for operating such circuits, 
for calling individual way stations and for preventing one 
way station from recording messages intended for another. 
It is expected that the apparatus and systems described 
in this paper will meet this demand and permit more rapid 
expansion of printer way wires. 
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A New Type Vacuum Seal 

By W. ENDRES BAHLS 

Member Am. Phys. Soc. 


Synopsis: A new type of lead-in structure for vacuum-, gas-, or oil- 
tight chambers is described in which porcelain bushings are sealed 
to metal by means of a glass which serves as a bonding agency. The 
method of assembly is extremely simple, requiring no skilled work¬ 
men or elaborate equipment. Some of the features and some of the 
places where the seal is being applied are discussed. 

Introduction 

T HE PROBLEM of bringing insulated electrical con¬ 
ductors into metal containers which must be her¬ 
metically sealed, oil-tight, or vacuum-tight, has for 
many years been a formidable one. This is attested by 
the large number of methods now in use, the voluminous 
literature on the subject and the many patents which have 
been issued. The most obvious type of lead-in construc¬ 
tion is of the gasket type, where a porcelain or glass insu¬ 
lator is used with gaskets between the metal and the 
porcelain. The whole assembly is held together by some 
•compression arrangement, and the seal depends for its 
•effectiveness upon a tight fit between the metal and gasket, 
and the ceramic and the gasket. Seals of this type have 
always been extremely difficult to make perfectly tight. 
Usually the gasket material, or the structure, is such that 
it is impossible to heat them to even a few hundred degrees 
without ruining them. Consequently, it has long been 
recognized that the most desirable type of lead-in struc¬ 
ture is one in which the porcelain, glass, or other ceramic 
which is used for the insulator, is actually sealed to the 
metal, either directly or by means of an intermediate 
sealing material. Seals of this type may be conveniently 
divided into four classes as follows: 

I. Glass or porcelain sealed to metal by means of resins or gums. 

II. Glass or porcelain metalized and attached to main metal 
member by means of low-melting-point metal alloys. 

III. Glass sealed directly to metal. 

IV. Porcelain sealed to metal by means of a glass. 

Seals in class I may be made using ceramics and metals 
of quite different expansion characteristics due to the 
plasticity of the resins or gums. They are limited to low 
temperature applications. 

Seals in the second class are usually made between a 
metal and porcelain which do not match in expansion. 
The bond is made at the melting point of the alloy and 
upon cooling to room temperature the structure is quite 
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highly stressed due to the difference in expansion of the 
components. It is essential that the seals are so designed 
that all high stresses in the porcelain are compression, as 
the ceramic materials are very strong for that type of 
stress. 

Seals of this type are mechanically strong and are used 
extensively, but they are limited to moderate temperatures 
due to the low melting point of the sealing alloy. 

There are many different seals which fall into class III. 
One of the early seals of this type was made by House¬ 
keeper. 1 At the time this type of seal was developed, 
available metals, which could be easily worked and glasses 
were of widely different coefficients of expansion. Under 
most conditions, if they were fused together at the high 
temperature necessary to work the glass, the stresses 
which resulted upon cooling due to the differences in ex¬ 
pansion caused the glass to crack. Housekeeper cir¬ 
cumvented this difficulty by using a metal which had a low 
yield point, (copper) and thinning it to a very small 
section where it sealed into the glass. In this way he 
caused the metal to flow and prevented the development 
of further stress in the glass before the stress in the glass 
reached a high enough value to cause it to crack. One 
of the main disadvantages of this type of seal, however, is 
the weakness caused by the thinning of the metal member. 

Many advances have been made in the science of 
sealing metals to glasses, due primarily to the fact that 
various metals and alloys have been developed which have 
coefficients of expansion matching those of certain glasses. 

One of the greatest and most recent advances in the 
field is due to H. Scott. 2 From his study of the low ex¬ 
pansion anomaly of the iron-nickel-cobalt alloys, 8,4 he 
found that one particular alloy, which he called Kovar 
(Patent No. 1,942,260. The alloy Kovar is also known 
as Femico. Hull and Burger in a paper 6 on glass-to- 
metal seals discuss seals to this alloy and many other 
metals), could be made to match quite closely one of the 
hard glasses (Corning G-705-AJ; Coming code designa¬ 
tion for this glass is number 705) from room temperature 
to above the annealing range of the glass, and can, there¬ 
fore, be sealed into glass in large sizes. This alloy can be 
rolled, drawn, and subjected to all the usual forming 
operations of steel. It is not attacked by mercury and 
consequently is one of the most important factors in the 
development of the “all metal” type mercury-vapor 
thyratrons. 

For many types of structures, rather large and intricate 
glass pieces must be sealed to metal, for which considerable 
skill is required by the glass worker. It would often be 
far easier if a porcelain could be substituted for the main 
body of the glass, and then only a small amount of glass 
used for bonding the metal to the porcelain. The porce¬ 
lain will maintain its shape to much higher temperatures 
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than the glass and consequently only a minimum amount 
of skill would be required to make the joint. Seals of this 
type fall into the fourth class. 

The desirability of such a seal has long been recognized 
and many attempts to obtain a satisfactory one have been 
made. The successful ones have all been of the “House¬ 
keeper” type. 6 Low-expansion porcelains and glasses 
having approximately the same coefficient of expansion 
and which consequently make a stress-free seal to each 
other have been used. The seal has always been made to 
a metal of higher coefficient of expansion. In order to 
prevent cracking of the seal it has been necessary to thin 
the metal member to a very small section so that the 
stresses developed would be below the breaking strength of 
the glass and porcelain. Seals of this type are, therefore, 
weak where joined. 

The new type of seal to be described also falls into the 
fourth class. The materials have been so selected and 
the structure so designed that it is no longer necessary to 
make the “Housekeeper” type seal. 

General Principles 

The prerequisites for making an ideal seal between 
metal, glass, and porcelain are: 

1. Both the metal and porcelain must be wet by the glass. 

2. The metal, glass, and porcelain must all have the same coefficients 
of expansion up to the temperature where the glass is sufficiently 
viscous to relieve stresses quickly. 

3. All component parts must be vacuum-tight. 

A satisfactory seal may be made, even though condition 
2 is not exactly fulfilled. It may, therefore, be rewritten 
as follows: The metal, glass, and porcelain should have 
coefficients of expansion sufficiently alike that upon cool¬ 
ing after the seal is made the stresses developed due to 
the differences in thermal contraction are not great 
enough to cause a fracture of the glass or porcelain, or 
leave thd completed seal mechanically weak. 

Wetting 

The bonding of glass to metal or what is known as the 
wetting of the metal by a glass, takes place at elevated 
temperatures and, in general, only when the metal is oxi- 


expansion, consequently the oxide may develop small fis¬ 
sures or cracks very similar to the cracks in an enameled 
metal surface when the enamel and metal do not match. 
In addition, the oxide may be of a spongy nature permit¬ 
ting a slow leakage of air through it. 

The wetting of the porcelain by the glass takes place in 
much the same manner as the wetting of the metal oxide. 



TEMPERATURE -C 

Figure 1. Expansion characteristics of component parts of 
metal-glass-porcelain seal 


The porcelain is already an oxide material, and conse¬ 
quently needs no further oxidation. When the glass 
and porcelain are heated to a sufficient temperature they 
tend to diffuse into each other and form a most intimate, 
tenacious bond which cannot be broken free. 

Thermal Expansion 


dized. At the elevated temperature where the glass is 
viscous and plastic, it dissolves some of the oxide of the 
metal, and thus adheres tightly to it. In order that the 
joint between the metal and the glass should be vacuum- 
tight, the oxide which forms on the metal should be a 
tightly adherent one. A scaly oxide would naturally give 
a very weak seal. Care should also be taken as to the 
thickness of the oxide. If the oxide is too thin, it may all 
be dissolved by the glass, changing the composition of the 
glass near the junction, and the resulting glass may not, in 
fact probably ydll not, have the same or as great a strength 
of bonding between itself and the metal as the original 
oxide of the metal exhibited. A thick oxide on the metal 
is likely to cause trouble also! In general, a metal 
and its oxide do not have the same coefficient of 


The apparatus used for dete rminin g the expansion char¬ 
acteristics of the materials was similar to that used by 
Scott in his study of iron, nickel, cobalt alloys. 8 ’ 4 In order 
to insure a uniform temperature distribution, a special 
heating furnace was built which had a large copper core. 
Thermocouples attached along the specimen showed the 
maximum variation in temperature to be less than one de¬ 
gree. 

Expansion curves were obtained for many different 
metals, glasses, and porcelains, but for the purpose of this 
paper, only one particular combination will be discussed. 
The materials are> the iron-cobalt-nickel-alloy, known as 
Kovar, the glass G-705-BA (Coming code designa¬ 
tion for this glass is number 704), and standard electrical 
porcelain. As will be shown, these materials all have ap~ 
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proximately the same expansion characteristic over a con¬ 
siderable range, and can be satisfactorily sealed together. 
Although there are other combinations of metals, glasses, 
and porcelains which also meet the requirements of a satis¬ 
factory seal, these particular ones have been chosen be¬ 
cause of their availability. All components are stan dar d 
materials and are readily obtainable. Figure 1 gives the 
total thermal expansion per unit length of the materials as 
a function of the temperature. They are shown together 
for comparison, and as may be seen they have very nearly 
the same average coefficient of expansion up to about 500 
degrees centigrade. 

Relief of Stresses 

In order to show that a stress-free seal can be made be¬ 
tween Kovar and electrical porcelain, it is necessary to 
show that G-705-5A glass has a low enough viscosity at a 
temperature around 500 degrees centigrade to permit the 
Kovar and porcelain members to move with respect to each 
other at a rate sufficient to compensate in a reasonable time 
for the difference in expansion between the Kovar and por¬ 
celain at temperatures above 500 degrees centigrade. If, 
then, all stress is relieved at around this temperature, no 
appreciable further stress will be developed upon cooling to 
room temperature, as all components contract practically 
the same amount. 

There are two particular temperatures defined in glass 
technology which are of importance in connection with re¬ 
lief of stresses in the glass. These are known as the anneal 
point , and the strain point The anneal point is that tem¬ 
perature at which 90 per cent of the stress in the glass will 
be relieved in 15 minutes. The strain point is that tem¬ 
perature at which the same percentage will be relieved in 
four hours. The range between these temperatures is us¬ 
ually spoken of as the annealing range. The Coming Glass 
Works, in published data on their commercial glasses, gives 
these temperatures. For G-705-IL4 glass they are 484 
degrees centigrade and 450 degrees centigrade for the an¬ 
neal point and strain point, respectively. 

It would seem that, if a metal-glass-porcelain seal were 
made, and, before cooling, held at around 484 degrees for 



Figure 2. Glass beam 
loaded by means of a 
device having consider¬ 
able elastic deforma¬ 
tion 


15 minutes or longer, most of the stress would be relieved. 
That this is not true will be shown. 

There are a number of methods which have been used for 
determining the annealing constants of glass, but only one 
method 7 which clearly shows the implications of these data 


will be described here. A small rectangular plate of the 
glass to be studied is supported at opposite ends, and 
stressed by tightening down a screw in the center between 
the two supports. The loading mechanism is made very 
rigid so that no appreciable elastic deformation will take 
place, and so that the glass will be permanently constrained 
to a fixed position. This is all set up inside a uniform tem¬ 
perature furnace and so arranged that light can be directed 
through the specimen, and relief of stresses determined di¬ 
rectly for any particular temperature by a photoelastic 
method. Thus the two temperatures are found which sat¬ 
isfy the definition of the anneal point and strain point. 

Further study has shown that these temperatures cor¬ 
respond to points where the glass has definite values of vis¬ 
cosity, 8 and that the rate of relief of stresses may be found 
if the viscosity is known. It was then experimentally de¬ 
termined that the common logarithms of the viscosity 
measured in poises at the anneal and strain points are 13.4 
and 14.6, respectively. Since the determination of viscos¬ 
ity from a study of the mobility of glass fibers is a much 
simpler method of finding the anneal and strain points, it 
has almost completely supplanted the older, more direct 
methods. However, we must still remember that, no 
matter how these temperatures for rates of annealing are 
determined, they apply directly only to the case where the 
glass is constrained to some definite shape, and the stress 
is relieved while the glass remains in that position. 

Consider a glass beam which instead of being loaded by 
a rigid screw is stressed through a stiff elastic spring 
similar to that shown in figure 2. If this is held at an 
elevated temperature, say the anneal point, the stress in 
the glass will tend to be relieved. However, as the stress 
in the glass is relieved, it will be still farther strained due 
to the elasticity of the spring. Consequently the stress 
in the glass cannot be completely relieved until it has de¬ 
formed so far that it has permitted the elastic deformation 
of the spring to be completely relieved. It is at once 
apparent, therefore, that the annealing of a glass structure 
constrained by an elastically deformable means, will be 
greatly dependent upon the rigidity of this mechanism. 

In the construction of metal-glass seals, the elastic 
deformation of the metal may be a very important con¬ 
sideration in determining the rate of relief of stress in the 
glass. For a simple bead seal, where a layer of glass is 
melted around a quite rigid metal rod, the deformation of 
the rod is negligible under the stresses produced. It is, 
therefore, substantially correct to assume that, at the 
annealing temperature, 90 per cent of the stresses due to 
any differences in expansion between the metal and the 
glass will be relieved in 15 minutes. It is incorrect, 
however, to assume that an annealing schedule which is 
correct for a bead on a heavy rod will be satisfactory for all 
other shapes of seals. Thus, for example, a bead of the 
same size made on a thin wall tube having the same outside 
diameter as the solid rod, will anneal quite differently. 
The initial stresses will be lower due to the fact that the 
metal deforms elastically, but the rate of relief of stresses 
will also be slower. It can be shown that after a time t the 
stress in the glass on the metal tube, may actually be 
higher than in the glass on the solid rod, even though the 
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initial stresses on the rod seal were higher. This is due to 
the fact that the rate of relief of stress is lower for the seal 
on the metal tube. A graphic illustration of stress versus 
time is shown in figure 3. 

In order to have the same rate of relief of stress for the 
tube seal as for the rod seal, , it is necessary that the vis¬ 
cosity of the glass should be lower. In consequence the 



Figure 3. Stress in glass as a (unc¬ 
tion of time for a bead seal on a 
solid rod and on a thin-walled tube. 
At time (t) the stress is higher in 
the bead on the tube. The tem¬ 
perature of anneal is the same for 
both seals 


TIME 


cooled quite slowly, the stresses developed are so high that 
they usually crack the porcelain. 

Figure 5 shows another way in which Kovar and 
porcelain might be sealed together by means of glass. 

After the seal is completed and cooling started, the 
metal tends to shrink down on the porcelain. Now in 
order that the resulting stresses may be relieved, the glass 


must be squeezed out somewhat so that the metal can 
move toward the porcelain. This is analogous to a long 
thin strip of viscous material in compression between 
two plates. Doctor Nadai has shown (this is from an 
unpublished Westinghouse research report entitled “The 
Distribution of the Pressure in Thin Layers of Viscous 
Material Under Compression,” by A. Nadai) that for this 
case the velocity with which the plates move together is 

-;(?)' 


approximately proportional to 


where y is the 


coefficient of viscosity. It is, therefore, important that 
the ratio l/a should not be large. For the case of the long 


temperature of annealing would have to be higher. It 
may be seen, therefore, that it is desirable to have the 
metal and glass match up to temperatures above the so- 
called annealing point of the glass. 

Since Kovar and G-lQb-BA glass match quite closely 
even at temperatures well above the anneal point, little 
difficulty is encountered in obtaining a satisfactory anneal 
in a short time for most any type of structure. 

For a seal between Kovar, glass, and porcelain, conditions 
are somewhat different. Let us consider the case of a 
moderately thick-walled tube of Kovar sealed to a porce¬ 
lain tube with a thickness a of glass between them, as 
shown in figure 4. The seal is made at a high temperature 
(usually between 900 degrees centigrade and 1,100 
degrees centigrade, depending upon the design), and con¬ 
sequently the Kovar and glass have expanded considerably 
more than the porcelain. After the seal is made and cool¬ 
ing is started, the metal tends to contract faster than the 
porcelain, and consequently stresses are set up in the seal. 
In order that these stresses may be relieved at the lower 
temperature, the glass must permit the metal to move with 
respect to the porcelain by an amount equal to the differ¬ 
ence in contraction between the metal and porcelain in 
cooling from the temperature at which the seal is made to 
the lower temperature. As soon as this relative motion 
of the parts is required during the annealing process, we 
see that the anneal point of the glass no longer defines 
the temperature at which 90 per cent of the stress will 
be relieved in 15 minutes. Either a higher temperature 
is necessary, or a longer time will be required. 

Now it is known that the rate of flow with respect to 
each other of two surfaces in shear and separated by a 
viscous medium is proportional to the distance of separa¬ 
tion (a for our case) and inversely proportional to the 
viscosity. Consequently the greater the thickness of the 
glass, the faster the relief of stresses for a given tempera¬ 
ture. 

If a seal is made using a thin layer of glass, and is 


Figure 4. Kovar and 
porcelain sealed to¬ 
gether by means of a 
thickness of glass (a) 



thin strip in compression, the pressure distribution is not 
constant along the dimension. It has been shown that it 
takes on a somewhat parabolic shape, dropping very low 
at the edges. This is advantageous, as it tends to cut 
down the danger of stress concentration at the edge of the 
seal which might break the porcelain. 

Calculations, of the rate of relief of stress for several 
simple structures, have been made, but exact solutions 
even in the simple cases, were found quite impossible due 
to the complexity of the mathematics involved. The 
approximate solutions indicated, however, that the range 
of temperature, in which the greater part of the stresses 
developed upon cooling from a higher temperature can be 
relieved in a moderate length of time, is around 100 degrees 
centigrade higher than the so-called annealing range of the 
glass. Any seal annealed at this temperature will, how¬ 
ever, develop further stresses upon cooling down the next 
100 degrees, due to the difference in expansion of the 
components above 500 degrees centigrade. It is, there¬ 
fore, necessary that the design be such that the principle 
residual stresses in the glass and porcelain are compression, 
as both are many times stronger in compression than in 
tension. Care should also be taken to avoid stress con¬ 
centrations which might cause cracking of the glass or 
porcelain. 

Another factor which undoubtedly enters into the relief 
of the stresses in seals annealed at high temperature is the 
relaxation in the Kovar. Scott has shown 2 that at tem¬ 
peratures as low as 400 degrees centigrade, Kovar loses 
50 per cent of the maximum stress applied by bending, 
in 15 hours. At the higher temperatures, this takes place 
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at a much greater rate, although no specific data are 
available. 

Any types of seal which might be made between metal, 
glass, and porcelain are modifications or combinations of 
the structures in figures 4 and 5. Consequently, from the 
foregoing analysis of annealing of seals, it may be seen that 
it is quite impossible to obtain complete relief of stress in a 
metal-glass-porcelain seal in any reasonable length of time . 
It has also been shown that the rate of relief of stresses in 
metal-glass seals , and in metal-glass-porcelain seals is a 
function of the design constants of the structure , as well as 
the viscosity of the glass and relaxation characteristics of the 
metal . Rough analysis and experimental verification show 
that by so adjusting the seal design that stress relief will 
continue to as low a temperature as practically feasible, 
a satisfactory strong seal can be made. 

Vacuum Tightness of Components 

Finally, in order to have a good seal it is necessary 
that all components of the structure, and the joints 
between them be vacuum-tight. Nothing further need be 
said about Kovar and glass, for their extensive use in the 
metal radio tubes, metal thyratrons, etc., speaks for them. 
Tests made on many types of porcelain show that all those 
that are well vitrified are vacuum-tight, and that a 
vacuum-tight seal between them and a glass of the 
proper expansion may easily be made. The tests were 
made by closing off one end of a tubular porcelain struc¬ 
ture and sealing an ionization gauge onto the other end, 



Figure 5. Kovar and 
porcelain sealed to¬ 
gether by means of a 
thickness of glass (a) 
and length (I) 


after which the whole structure was baked and treated 
under vacuum and then tipped off. Gauge readings were 
then taken from time to time to see if there was any leak¬ 
age. No pressure change has been detected in seals made 
over a year and a half ago. 

Tests made in a somewhat similar manner on com¬ 
pleted metal-glass-porcelain seals show them to be 
vacuum-tight. 


For commercial production, such a method is too slow 
and expensive. A method is desirable by which larger 
quantities can be made at one time and without the 
assistance of skilled workmen. Such a method will now be 
described, as applied to the assembly of terminals for oil- 
filled capacitors. 

Figure 6 is a photograph of the components of one of 
the terminals. The Kovar cap and flange, parts A and E, 
respectively, are drawn from sheet material, and the glass 
rings B and D are cut from a standard-gauge tubing. 
The parts are stacked together on a vertical spindle of 
heat-resisting steel and are ready for the furnace. 

The sealing cycle depends upon the size of the porcelain 
pieces, and whether a batch or a conveyor type furnace 
is to be used. The final seal is made in the temperature 
range 950-1,100 degrees centigrade. If the porcelains 
are quite small it is sometimes possible to put them di¬ 
rectly into the furnace at this temperature, although in 
general this will not be the case. Porcelain is a very poor 
conductor of heat, and the resulting high thermal gradient 
and consequent high stress is usually sufficient to crack the 
porcelain. Rapid heating is especially bad for the por¬ 
celain in the temperature range from about 500 to 575 
degrees, where the expansion shows a marked increase. 
Consequently it is usually found advisable in batch as¬ 
sembly of small terminals to preheat, holding the furnace 
temperature slightly above this dangerous zone (about 
600 degrees centigrade). As the porcelains come up to 
temperature their rate of heating becomes less and less and 
they are carried through the dangerous zone without 
cracking. 

Above this temperature the expansion coefficient is 
lower, and the porcelain will stand higher thermal gradi¬ 
ents. The assembly may, therefore, be transferred di¬ 
rectly from the preheat furnace to the sealing furnace, 
which is at a temperature of around 1,100 degrees centi¬ 
grade. Except for very small terminals which can be 



Figure 6. Component parts of a metal-glass-porcelain ter¬ 
minal seal and a completed terminal 


A—Kovar cap B and D—Glass rings C—Porcelain 

E—Kovar flange F—Completed terminal 


Assembly of Seals 

Metal-glass-porcelain seals may be assembled in a 
number of ways. One of the most obvious ways is the 
utilization of the usual glass blowing technique. The 
porcelain member is brought up to temperature slowly 
and when it is sufficiently hot a glass bead is worked upon 
it at the point where the seal is to be made. The Kovar 
portion is then heated to a dull red heat for a few seconds 
to give it a slight oxidation and sealed to the glass. 
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heated rapidly it is usually desirable to have the sealing 
operation take place in an oxygen-poor atmosphere in 
order to prevent overoxidation of the Kovar. An at¬ 
mosphere of tank nitrogen is satisfactory. 

After the seal is made the terminal should again be 
brought to an intermediate temperature furnace at 
around 600 degrees centigrade. It is during the interval 
of cooling to this temperature, and while at this tempera¬ 
ture, that the major portion of the annealing takes place. 
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Figure 7. Inerteen-filled capa¬ 
citor using two metal-glass- 
porcelain terminals 


It also may be desirable to maintain a hydrogen atmos¬ 
phere in this furnace in order to reduce the surface oxides 
on the exposed Kovar surfaces. 

The terminals are next moved to a cooler zone in the 
furnace and after they reach a temperature around 300 
degrees centigrade where no appreciable oxidation of the 
Kovar will take place, may be removed from the furnace. 

It has been found possible to use the same furnace for 
both the preheating and for the cooling and annealing. 

Figure QF is a completed terminal which was assembled 
using the following cycle: seven minutes, preheating; 
15 minutes, sealing; and 20 minutes, cooling and anneal¬ 
ing. The correct cycle to be used is largely a matter of 
size and shape of the porcelain and may best be deter¬ 
mined by experiment. If the quantity is sufficient to war¬ 
rant it, a seal of this type is admirably suited to produc¬ 
tion in a continuous-type furnace. 

Applications 

When work was started on the development of metal- 
glass-porcelain seals, it was intended primarily for applica¬ 


tion to vacuum-type equipment. It soon became appar¬ 
ent, however, that the demand for oil-tight and gas- 
and vapor-tight terminals was greater, as the needs of 
those using vacuum containers were quite well met by 
metal-glass seals. It is in consequence of the relative 
demand, that the first designs of the metal-glass-porcelain 
seal were for use on oil-filled capacitors. 

Figure 7 shows an Inerteen-filled capacitor using two 
metal-glass-porcelain terminals of the type just described. 
The terminals are soldered into the can and the leads 
from the capacitor brought out through the opening in 
the caps. These are soldered to the caps at the same 
time the threaded studs are soldered in. Terminals for 
capacitors are standard in three different sizes, and others 
are being used experimentally. The same terminals are 
being considered for other applications such as small oil- 
filled transformers, and oil-filled portable X-ray equip¬ 
ment. They have a distinct advantage over other types, 
in that they permit bringing the leads out of the container 
below the oil level. 

The possible uses of a seal of this type are so many and 
varied that it would be impossible for me to enumerate 
them. In fact, it may be used practically any place where 
an electrical lead into a hermetically-sealed container is 
desired. The individual reader will undoubtedly be able 
to select from his own experience many places where it 
might be applied. 
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A Stabilized Amplifier for Measurement Purposes 

By H. A. THOMPSON 

ASSOCIATE AIEE 


Synopsis: This paper describes a stabilized amplifier with an over-all 
amplification ratio that remains essentially constant in magnitude 
and phase for all changes in tube characteristics, line-voltage varia¬ 
tions, and output load variations to be expected during normal 
operation. This stability is obtained by the introduction of two 
stabilizing circuits which act independently, yet are complementary 
when used together. During a period of eight weeks’ use two such 
amplifiers with their associated indicating instruments maintained 
their original calibration within two-tenths per cent of full scale with¬ 
out readjustment. 

Introduction 

D UE TO ADVANCES in electron tubes and ampli¬ 
fier technique electronic devices have found a rap¬ 
idly expanding field of application. They have been 
used quite extensively in measurements and with the aid 
of amplifiers 1 it is possible to measure smaller quantities 
than ever before. Such quantities as voltage, current, 
time, sound, light, and distance can be measured and, 
moreover, the measurement can be made without appre¬ 
ciably disturbing the circuit characteristics by the intro¬ 
duction of the measuring device. 

However, past experience has indicated that when an 
ordinary amplifier is used to extend the sensitivity of an 
indicating instrument, such as a voltmeter or ammeter, 
the accuracy, reliability, and ease of operation of the am-' 
plifier do not begin to approach those of the indicating 
instrument. Although the electron-tube amplifier has 
remarkably linear properties, variations in tube charac¬ 
teristics between different tubes, with the age of tubes, 
and with changes in plate voltage and cathode tempera¬ 
ture ordinarily cause the over-all amplifier characteristics 
to change from time to time. Accuracies in the order of 
one-half per cent are available in present-day instruments 
and if the over-all amplifier characteristics are not to ex¬ 
tend this limit it is necessary either to control the variables 
during operation or else provide means for a special cali¬ 
bration to check each reading. Either method is incon¬ 
venient from the operator’s viewpoint and in many cases 
the resulting uncertainty in measurement does not per¬ 
mit the use of such an amplifier. Either special instru¬ 
ments are built or special ways of using instruments are 
devised. 

In such applications where accuracy and reliability are 
important, together with sensitivity, it is desirable to have 
an amplifier whose characteristics are essentially independ¬ 
ent of the aforementioned variables. 

Specifications 

One of the major problems encountered during the re¬ 
cent design of a 480-cycle network analyzer 2 was the 
measurement and instrument system. A network an¬ 
alyzer consists essentially of a large number of variable 
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circuit parameters conveniently arranged for intercon¬ 
nection such that various circuit problems which are too 
complicated or involved for direct mathematical calcula¬ 
tion may be set up in miniature and the actual results meas¬ 
ured by trial (volts, amperes, watts, phase angle, etc.). 
Such analyzers are used primarily in making load and 
stability studies of power systems, but the circuits are 
flexible enough so they can be used for a great variety of 
problems. 

For such an analyzer it is desirable to have instruments 
that are: easy to read without undue eye strain up to dis¬ 
tances of several feet, rapid in response, able to withstand 
overloads and abuse, easy to use, and accurate to one- 
half per cent with direct-reading scales. Now these re¬ 
quirements alone would not preclude the direct use of in¬ 
dicating instruments, but it is also necessary to reduce the 
disturbance caused by inserting the instruments into the 
network to a point where it can practically always be 
neglected even when the network is lightly loaded. In 
an effort to reduce the size, weight, and cost of this an¬ 
alyzer, the power consumption of the total network is 
made small. Thus, the allowable instrument power con¬ 
sumption is reduced to such a small value that it is hope¬ 
less to attempt to use directly any kind of an indicating 
instrument even if some of the other desirable character¬ 
istics are sacrificed. For instance, it is desirable to have 
an ammeter voltage drop that is not in excess of 0.010 volt 
with various full-scale currents of 0.010-0.050-0.250- 
1.000 ampere. The voltmeter should not require over 
0.000150 ampere (150 microamperes) when measuring 
full-scale voltages of 15-30-75-150 volts. Having given 
these specifications for sensitivity, the primary considera¬ 
tions are accuracy and reliability. 

In the network-analyzer application current is meas¬ 
ured by inserting a low-resistance shunt into the circuit 
and then amplifying the voltage drop across this shunt. 
The amplifier input impedance in parallel with this re¬ 
sistance is made high enough so it may be neglected. For 
instance, the current amplifier input impedance is not less 
than 5,000 ohms (maximum resistance of shunts is one 
ohm) and with the full-scale voltage drop of 0.010 volt 
the amplifier input is some 0.000002 ampere (two micro¬ 
amperes). This input corresponds to an amplifier output 
of 0.100 ampere so the current amplification is about 
50,000. 

Voltage is measured by using a tapped high-resistance 
voltage divider, each tap having sufficient resistance to 
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limit the current to 0.000150 ampere at the desired full- 
scale voltage. The voltage drop across a 3,000-ohm por¬ 
tion of the divider is amplified for an indication. The 
amplifier input impedance is not less than one megohm, 
which at full scale requires about 0.00000045 ampere 
(0.45 microampere). This input corresponds to an am¬ 
plifier output of 0.050 ampere, the over-all current am¬ 
plification being about 100,000. However, while the actual 
amplifier input is in the order of 0.1 microvolt-ampere; 
the relative disturbance caused in any circuit by the in¬ 
troduction of these amplifiers for making measurements 
must be measured by the over-all volt-ampere requirements 
of the complete unit and not the amplifiers alone. In 
this case, the volt-ampere requirement of the resistance 
shunt is predominant. A current of 0.010 ampere is 
measured with 0.010-volt drop and a voltage of about 
0.5 volt can be measured with a current of 0.00015 am¬ 
pere; about 0.0001 volt-ampere (100 microvolt-amperes) 
being required for full scale in each case. 

To get a better conception of the meaning of these 
figures consider table I and compare the volt-ampere re¬ 
quirements of those high-quality a-c instruments in com¬ 
mon use with that required in the network-analyzer in¬ 
struments. The instrument voltage and current ratings 
given were chosen as typical values that might be expected 
of an average quality portable instrument in general use. 
The ammeter voltage drops were derived from the instru¬ 
ment impedance and current ratings and the voltmeter 
current requirements were derived from the impedance 
and voltage ratings. The volt-ampere requirements 
give an approximate idea of the relative disturbance 
caused when that type of an instrument is introduced into 
a circuit. To further facilitate this comparison a column 
is included in which the volt-ampere requirements are ex¬ 
pressed in relative values considering the new ammeter 


Table I. Volt-Ampere Requirements at 480 Cycles of 
Representative 60-Cycle Instruments Compared With New 
Amplifier Type 

Characteristics at 480 Cycles 

--- Ratio to 

Volt- Amplifier 

Instrument Volts Amperes Amperes Type 


Ammeter 

Electrodynamic. 2 .......5 .10 ......100,000 

Moving Iron.. 1 .5 . 5 50,000 

Thermocouple.. 0.25.0.05 . 0.012 . 120 

Rectifier. 2 .0.01 __ 0.02 250 

Amplifier. 0.01.0.C1 . 0.0001. 1 

Voltmeter 

Electrodynamic...150 .0.07 .10 ..100,000 

Thermocouple... 1 .0.001 . 0.001 ...... 10 

Rectifier. 1 .0.0005 . 0.0005. 5 

Amplifier.. 0.7 . 0.00015 . 0.0001. 1 

Wattmeter* 

EUctrodynamic 

Current... 1.5 .5 .7.5 

Potential.100 ..0.02 .2 

9.5 ...... 95,000 

Amplifier 

Current.. 0.01.0.01 . 0.0001 

Potential. 0.7 ..0.00015 . 0.0001 

. ___.._ 0.0002 . 2 

* Volt-amperes of potential and current elements combined for convenience. 


value as unity. For convenience in comparison the watt¬ 
meter potential- and. current-element volt-amperes are 
added together. 

Of those instruments listed the electrodynamic and the 
moving iron are probably in greatest general use because 
of their high accuracy and reliability, but note that they 
require the largest volt-ampere input for operation. Also, 
due to the increase in reactance drop at higher frequencies, 


0.009 

VOLTS INTERNAL FEEDBACK 

i-1 



AMPLIFIER A 

Figure 1. Internal feed-back circuit 


the volt-ampere requirements and errors increase quite 
materially. Particularly does the wattmeter accuracy 
suffer at higher frequencies because of various phase shifts 
and mutual effects in the windings. This is especially 
important in this application because the wattmeter must 
maintain its accuracy even at very low power factors; a 
requirement exceedingly difficult to obtain even at 60 
cycles. So these volt-ampere requirements tell but a 
small part of the difficulties encountered in building a 
wattmeter. A conventional thermocouple instrument is 
useful even at very high frequencies but is extremely slow 
in response and quite easily burned out with overloads. 
Descriptions of thermocouple wattmeters have been 
published but such wattmeters are not in general use. 
The accuracy of the rectifier type of instrument is riot 
high enough for this application and the wattmeter is not 
commercially available. 

So, after giving due consideration to the various instru¬ 
ment characteristics, it is apparent that to satisfy the re¬ 
quirements of speed, accuracy, reliability, low burden, 
etc., it is advisable to use the electrodynamic or moving- 
iron type of instrument either of which is suitable on every 
score except sensitivity, and then supply this sensitivity 
with an amplifier. Of course, the amplifier must be as 
reliable in every way as a high-quality indicating instru¬ 
ment. The input-output ratio and phase angle must re¬ 
main constant within one-half per cent for all changes in 
tube characteristics, plate voltages, etc., to be expected 
during operation. Also, as it has turned out, the ampli¬ 
fiers must be able to correct some of the inherent inaccura¬ 
cies found in a moving-coil-type wattmeter. 

Description 

The over-all amplifier input-output ratio is made essen¬ 
tially independent of most changes that occur within the 
amplifier by introducing two stabilizing feedbacks. Each 
acts independently yet they have a compounding effect 
when used simultaneously. The specific amplifier re¬ 
ferred to in the text is designed only for a frequency of 
480 cycles ( ± 2 per cent); however, with suitable modifi- 


380 Transactions 


Thompson Stabilized Amplifier Electrical Engineering 























































cations the feed-back principles described can be applied 
to other single-frequency or broad-band amp lifi ers. 

In the first stabilizing scheme, an internal feedback 
similar to that used by H. S. Black 3 and associates, the 
amplifier is deliberately built with several times the neces¬ 
sary amplification, and then, by feeding a portion of the 
output back on the input in such a way as to throw away 
the excess amplification, the amplifier will acquire new 



properties, the most important of which is constancy of 
amplification and freedom from nonlinearity. 

The principle of such an amplifier can be explained quite 
readily by considering a specific example. Assume, as 
shown in figure 1, that 0.010 volt is available as amplifier 
input to give a ten-volt output. A represents an ampli¬ 
fier that delivers ten volts output with 0.001-volt input, 
but instead of using it as an ordinary amplifier part of the 
output voltage, namely, 0.009 volt, is introduced back into 
the input circuit such that the amplifier input of 0.001 
volt represents the difference between the feed-back volt¬ 
age of 0.009 volt and the impressed voltage of 0.010 volt. 
Amplifiers are subject to normal variations in the order 
of ten per cent so assume that for some reason or other 
the amplifier in question should change and now require 
an input of 0.0011 volt instead of 0.0010 volt, an increase 
of ten per cent. The output voltage remaining constant, 
the feed-back voltage will be 0.009 volt. Adding to this 
the new amplifier input of 0.0011 volt, the total input re¬ 
quired is now 0.0101 volt instead of 0.010 volt as before. 
This represents an increase of one per cent in input volts 
corresponding to an error of ten per cent in the amplifier 
ratio, so with a feedback of ten times, the errors are re¬ 
duced to one-tenth. By increasing the amplification and 
increasing the feedback, the error can be reduced still 
further, until a point is reached where the feedback is so 
large that the over-all amplification characteristics are 
substantially unaffected by most changes in the amplifier. 
It is far from a simple proposition to employ feedback this 
way because of the tendency for oscillation and the very 
special control which is required of phase shifts in the 
amplifier and feed-back circuits over a wide range of fre¬ 
quencies above and below the useful frequency band. 
However, once having achieved a design in which proper 
phase relations are secured the performance obtained is 
perfectly reliable. 

When adjusted properly this scheme exerts a remark¬ 
ably stabilizing effect on the amplifier but a second means 


for obtaining stability is used which serves as a check on 
the first. This second means consists of an external feed¬ 
back, which is so-called because it is external to amplifier 
A and which is nothing more or less than a special use of 
the familiar and extremely accurate null-balance system. 
As shown in figure 2, a resistance Ro is introduced in the 
output circuit of such value that 0.010 volt appears across 
it with the proper full-scale current flowing through the 
indicating instrument. This voltage is then compared 
with the input voltage of 0.010 volt and they should be 
identical. However, should either one increase or de¬ 
crease more than the other or change phase angle with re¬ 
spect to the other there will be a voltage difference. This 
difference, or error as it is in this case, can then be ampli¬ 
fied by an amplifier such as B and introduced directly back 
into amplifier A in such manner that it will adjust the 
output of A to the correct value corresponding to the input 
voltage. 

There is another advantage in the use of this circuit that 
might not be evident at first glance. The secondary of 
transformer Ti (figure 2) is supplying power to the grid of 
the first tube in amplifier A. This power is small to be 
sure, but due to the internal grid-to-cathode capacitance 
of the tube, there is sufficient leading current to cause 
a slight phase shift in the output of transformer 7\. This 
introduces an error which is not corrected by use of the 
first feed-back system alone. The secondary of trans¬ 
former Ti feeds into the grid of the first tube of amplifier 
B t but its voltage output is balanced against the voltage 
across Ro, so the only current that can flow in this trans¬ 
former and cause phase shift will be due to the difference 
between these two voltages. Normally this difference will 
be very small and, therefore, the secondary of T% will be 
essentially open-circuited and its secondary voltage will 
be truly representative of the voltage drop across the 
shunt regardless of variations in tube grid characteristics, 
and can be balanced against that portion of the output 
voltage appearing across Ro for a true comparison of the 
input and output of amplifier A . 

Obviously the effectiveness of this method depends on 
how much the output voltage must depart from its cor- 



Figure 3. Electrical circuit of stabilized amplifier 
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Figure 4. Stabilized amplifier and associated power- 
supply unit for General Electric 480-cycle a-c network 
analyzer 


rect magnitude and phase to produce the necessary cor¬ 
rective effect. The smaller this voltage the more accurate 
the balance; the limiting condition being when self-sus¬ 
tained oscillations occur. 

The complete amplifier circuit incorporating both sys¬ 
tems of feedback is shown in figure 3. The main amplifier 
consists of a pentode driving a power pentode with a second 
power pentode connected to the output transformer in 
such manner as to cancel the d-c flux in the output-trans¬ 
former core. The internal feedback is made from the 
plate of the output pentode through a resistance voltage 
divider to the cathode of the input tube. This connec¬ 
tion is necessary to secure proper phasing. The output 
circuit is tuned with a series capacitor to bring the current 
in proper phase with the input voltage. The null-balance 
amplifier consists of a pentode driving a triode with a 
voltage divider in the triode output to allow control of 
the correction voltage introduced into the main amplifier. 
The input pentodes are used because of their low input 
capacity together with their high amplification and the 
triode is used in the null-balance amplifier to keep the re¬ 
sistance value of the voltage divider as small as is practi¬ 
cable. Commercially available parts are used throughout. 
A photograph of the amplifier and associated power supply 
is shown in figure 4. 

The amplifier circuit constants are quite conventional. 
The plate circuit of one stage of amplifier B is tuned at 
480 cycles; this increases the feedback through B that can 
be obtained before oscillations occur. This particular 
method of phase-angle control limits the useful frequency 
range of the amplifier, but it is not detrimental in this ap¬ 
plication because the frequency will not vary more than a 
few per cent from 480 cycles. In many cases it is advan¬ 
tageous to discriminate against harmonics; however, if a 
band of frequencies must be covered, then other methods 
of phase angle control will have to be used. 

Accuracy and Stability 

This particular amplifier utilizes feedbacks of approxi¬ 
mately ten to one in amplifier A and 70 to 1 due to am¬ 
plifier B. The errors are reduced by a factor of 700, so 
the extreme case of a 70 per cent change in amplification 
of one tube only affects the over-all stabilized amplification 
by one-tenth per cent. The stabilizing effect is so great 


that the over-all amplification characteristics are substan¬ 
tially unaffected by changes in the amplifier. 

It would be possible to increase the feedback in ampli¬ 
fier A to many times the above value, 3 but in this particu¬ 
lar application the extra stability was not necessary and 
the simplicity of a two-stage amplifier seemed advanta¬ 
geous. Likewise, the effectiveness of the feedback due to 
amplifier E can be increased providing that the various 
phase shifts occurring in amplifiers A and J? can be con¬ 
trolled to eliminate self-sustained oscillations, but the 
extra complications involved did not seem warranted for 
this application. The amplifier shown tends to oscillate 
if the feedback due to amplifier B is made greater than 
about 100. 

To insure the highest accuracy possible each amplifier 
is adjusted for phase angle and magnitude with its respec¬ 
tive indicating instruments. The stabilizing effect is 
adequate to take care of the normal 10 per cent varia¬ 
tion in instrument reactance between zero and full scale. 

The input-output ratio can be maintained so precisely 
by using these two stabilizing systems that ordinary in¬ 
struments are not accurate enough to use in obtaining the 
initial adjustments. By virtue of the null-balance circuit 
the input to the null-balance amplifier represents any over¬ 
all error in magnitude or phase angle between the input 
and output, so the initial adjustments are made until the 
output of this amplifier is zero. The ratio of amplifier A 
is controlled by varying the amount of internal feedback 
and the phase angle of the output current is adjusted to 
compensate for the inductance of the indicating instru¬ 
ment by means of a series capacitor. 

An indicating device can be connected to the output of 
the null-balance amplifier and used as an indicator to show 
if the amplifier is working properly. In the network ana¬ 
lyzer application this was not thought to be necessary 
because a circuit is provided, to which the amplifiers may 
be connected, and in which the voltage and current are 
adjusted to give predetermined deflections on the volt¬ 
meter, ammeter, and wattmeter. By connecting both 
amplifiers to this “standard circuit” they can be checked 
one against the other. This is not used as an absolute 
calibration for the instrument system but it does serve to 
increase the reliability for, if the readings do not check, 
something must be wrong with one or both measuring cir¬ 
cuits. 

Several of these amplifiers have been made and calibra¬ 
tion tests indicate an accuracy of better than one-tenth 
per cent in magnitude and ten minutes in phase angle. 
The amplifiers are rated one-half per cent and 20 minutes. 
Tubes can be interchanged freely, and line-voltage varia¬ 
tions on the amplifier power supply of 20 per cent do not 
change the calibration; however, when using high-speed 
light-beam instruments, severe transients in the 60-cycle 
power supply will cause the light beams to jump, after 
which the reading returns to the correct value. To elimi¬ 
nate this, a regulator can be placed in the 60-cycle supply 
to the amplifier power units to remove these tr an sients. 
After being in constant use for eight weeks, two amplifiers 
and their associated indicating instruments were found to 
have a maximum deviation from their original calibration 
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of two-tenths per cent of full scale without any readjust¬ 
ment. 

Conclusion 

With the proper use of stabilizing circuits, electron-tube 
amplifiers can now be built that are just as accurate and 
reliable as, and in many respects better than, the indicat¬ 
ing instruments with which they are to be used. Such 
amplifiers combine the characteristic low power-input re¬ 
quirements of vacuum tubes with the accuracy and re¬ 
liability found in high quality measuring instruments. 

The use of stabilized amplifiers may be extended to any 
application where accurate measurements are required 
of quantities too small to be measured any other way. 
Their proved accuracy and reliability should go a long 
way toward getting around the average engineer's inhibi¬ 
tions against the use of electron tube apparatus whenever 
accurate and reliable measurements must be made. 
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Discussion 


H. L. Hazen (Massachusetts Institute of Technology, Cambridge): 
This paper, in my opinion, describes a significant development in the 
field of electrical measuring instruments. By the technique here 
described it is practicable to attain a new order of speed of response 
and accuracy in rugged, low-burden instruments, It appears that 
the possibilities of this technique are numerous where the ac¬ 
curacy and speed of standard portable instruments are desired with 
burdens that are a minute fraction of those imposed by such portable 
instruments themselves. 

Apart from the significance and utility of the design as a whole, 
there are several questions regarding the details on which I should 
like to comment in this discussion. There are two types of feedback 
employed in this amplifier which for the most part are mutually 
helpful. One of these feedbacks—the linear feedback—is actuated 
by the output voltage. The other—that due to amplifier B —is 
actuated by output current. It appears that in a device of this sort, 
in which the indicating instrument inherently responds to current 
rather than to voltage, the amplifier should be so designed as to main¬ 
tain the desired mutual conductance of the unit as a whole. That 
is, for any given input voltage a definite current proportioned to this 
voltage is desired in the indicating instrument. It appears that 
feedback based entirely on output current rather than on voltage 
or a combination of voltage and current, is therefore desirable. 

A theoretical analysis of this amplifier has been made with Mr. 
G, S. Brown to determine the effects of these feedbacks and to com¬ 
pare them with other feed-back schemes. One basis of comparison 
is the ratio of the fractional change in mutual conductance to the 
fractional change in another variable, such as the gain of amplifier 
A, the impedance of the output circuit, or the internal impedance of 
amplifier A as viewed from its output terminals. With the scheme 
as used, it appears that the fractional change in the mutual conduc¬ 
tance is about one seven-hundredths of the fractional change occur¬ 
ring either in the gain of amplifier A or in its internal impedance as 
viewed from its output terminals. In contrast, the fractional change 


in the mutual conductance is not one seven-hundredths, but one- 
seventieth of the fractional change in the load impedance because 
the linear component of feedback is based on output voltage rather 
than output current. If a comparable amplifier is made in which the 
feedback is all based on output current, the change in the mutual 
conductance caused by changes in amplifier-A voltage ratio, by 
changes in amplifier-A impedance as viewed from its output ter¬ 
minals, or by changes in the load impedance—all become the same. 
It appears, therefore, that for a device of this sort, feedback based 
on output current rather than on output voltage is desirable. 

It is stated in the paper that one advantage of using the type of 
feedback involving amplifier B is that it tends to make the voltage 
actually .applied to the input terminals of amplifier A approach 
zero, and therefore reduces the current drawn at the input terminals 
of this amplifier. This statement seems open to discussion on two 
counts: First, it can be seen that if amplifier A and its linear com¬ 
ponent of feedback are suitably adjusted, the input to amplifier B is 
zero, and its output voltage is therefore necessarily zero. Hence it 
appears that amplifier B does not have any effect on the magnitude of 
the amplifier-A input voltage unless amplifier A and its linear com¬ 
ponent of feedback are out of adjustment. 

Second, any degenerative feed-back scheme—linear or otherwise— 
serves the purpose attributed to amplifier B, namely, it puts a 
voltage in series with the signal input voltage which has such 
polarity and magnitude as to make the sum of these voltages small 
compared with either. Thus, assuming the amplifier- B scheme of 
feedback to be functioning, it does nothing that any other feed-back 
scheme would not do on this count. 

Another way of considering the relative magnitudes of signal volt¬ 
age and actual amplifier input voltage is this: For a given amplifier 
output and amplifier gain, the input voltage to the amplifier is fixed. 
If the amplifier mutual conductance is N times the desired ratio 
between output current and actual signal voltage, then the net 
amplifier input voltage is necessarily only 1/ N of the signal voltage. 
This, as was pointed out above, is characteristic of any degenerative 
feed-back amplifier and not merely of the particular type of feedback 
represented by amplifier B in this circuit. 

In raising the foregoing questions I do not wish to detract in any 
way from the value of this development. On the contrary, the 
contribution seems so significant in the measurement field that it is 
worth while to give attention to matters which may be relevant to the 
design of similar units in the future. The foregoing comments are 
based primarily on theoretical considerations, and I shall be glad to 
have the author's comments, both from the theoretical and from the 
practical point of view. 


F. K. McCune (General Electric Company, Lynn, Mass.): Mr. 
Thompson's paper should be of universal interest to those concerned 
with electrical measurements. The combination of circuits de¬ 
scribed appeals to me as particularly ingenious since it compensates 
not only for magnitude of current but for phase angle as well. I 
feel that this latter feature is deserving of special comment since 
the accuracy of correction is such as to be perfectly adequate for the 
great majority of measurements. The value of ten minutes of 
phase angle corresponds to one-half per cent at 50 per cent power 
factor, however, and is therefore too large to neglect for very ac¬ 
curate measurements of power or vars. It will be of interest to 
see whether the continued use of these circuits shows greater ac¬ 
curacy possible. 

A possible field of application for this circuit would seem to be the 
measurement of extremely small currents such as are dealt with in 
noise and vibration measurements. Here the effect of "pick up" 
from extraneous sources, both of noise and vibration, may affect 
the readings obtained, due to the disturbances they produce in the 
amplifiers. If the frequency range of the circuits described can be 
made large enough, it would offer a possible solution to many trouble¬ 
some problems of this sort. 

It would seem from a rough examination that while phase-angle 
errors in A would be corrected by B, that phase-angle errors in B 
would result in considerable errors. For example assume currents 
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in the shunt and in Rq initially ten minu tes out of phase. If ampli¬ 
fier B should have a ten-minute phase angle and the result should 
be subtractive, an out-of-phase current with a magnitude of a 
fraction of one per cent would be impressed on B and would be 
there amplified and impressed on A exactly in phase. The result 
would be no improvement in phase angle and an increased error in 
magnitude. 

Probably this is only a theoretical possibility, but calibration data 
on the circuits will, no doubt, be taken periodically and will give the 
real answer to all such considerations. 

M. S. Mead (General Electric Company, Schenectady, N. Y.): 
In the discussions of Mr. Thompson's paper, ‘'Stabilized Am p lifi ers 
for Network Analyzer," there appear to be four points which should 
be answered. Mr. McCune mentioned that in a wattmeter, even 
a very small phase-angle error will result at low power factor in con¬ 
siderable error. This is a well-recognized difficulty in all wattmeters 
and in this case the answer simply is that extreme accuracy in power 
or var measurements at low power factor is not required. So far, 
in the operation of the board, the accuracy of the watt and var 
measurements has been great enough, even at low power factors, so 
as not to handicap the operation of the board in any way. 

The second point he raised was in connection with the effect of 
phase-angle error in amplifier B on the phase-angle error of amplifier 
A. Without taking the time to submit a proof, it may be stated 
that with large amounts of feedback, any small departure from 180- 
degree feedback will result in an infinitesimal reduction in the bene¬ 
fits secured from the feedback. Therefore, we conclude that a small 
phase-angle error in amplifier B is unimportant. 

I know that Mr. Thompson appreciates the nice things Prof. Hazen 
said about the development. In his discussion, Prof. Hazen men¬ 
tioned two things. He stated that it would have been better to 
have designed the amplifier so that 700 times current feedback was 
used alone without the voltage feedback. Others have offered the 
same comment. We are in entire agreement with this thought. 
However, it is extremely difficult to build an amplifier including an 
output transformer and having a feedback ratio of 700. Con¬ 
fronted by limitations of time and facilities, nevertheless, a feed-back 


ratio of 700 was secured by using the compound effect of two sepa¬ 
rate feedbacks, each of which was quite easy to get. 

The second point Professor Hazen mentions apparently resulted 
from some misinterpretation of the text. The paper stated that 
there was a distinct benefit secured from using external feedback 
and a reference voltage derived by an additional transformer across 
the current shunt. This advantage is not concerned with the 
amount of grid voltage input to amplifier A as Professor Hazen un¬ 
derstood was claimed, but rather to amplifier B whose input voltage 
approaches zero and consequently the amplifier cannot act in any 
manner as a load on the transformer supplying the reference voltage. 

H. A. Thompson: The discussion seems to center around the ques¬ 
tion of just which feedback is the simplest and best. Considering 
that the particular instruments used respond to current rather than 
voltage, as Professor Hazen has mentioned, it is advantageous to 
use current feedback and control the transconductance of the ampli¬ 
fier rather than the voltage amplification. 

The time at our disposal to develop this amplifier was limited and 
a conservatively rated two-stage amplifier with feedback appeared 
to be the simplest and most reliable unit we could assemble and still 
get the required amplification. The null-balance amplifier B was 
added to serve as a check on the performance of amplifier A and also 
to compensate for the variation in instrument inductance and the 
mutual voltages introduced in the wattmeter coils. No trouble was 
experienced due to the effects of phase shifts in B, If necessary, it 
would have been a simple matter to stabilize B with negative voltage 
feedback similar to that used in A. As a matter of fact, tests indi¬ 
cated that the tuned circuit used in amplifier B could be detuned 
considerably without any harmful effects. 

Doubtless, if the time and money were available, this amplifier 
could be improved, but for this particular application the accuracy 
and reliability needed did not warrant any further development. 
Operating experience has indicated that the amplifiers perform well 
within the operating requirements of the network analyzer. In 
fact, the wattmeter has been used at power factors as low as seven 
per cent with acceptable accuracy, and phase angle measurements 
are made using the wattmeter at zero power factor. 
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Phanotron Rectifiers as a D-C Supply for Elevator Motors 


By C. C. CLYMER R. G. LORRAINE 

NONMEMBER AIEE ' MEMBER AlEE 


Introduction 

T HERE ARE a number of public utilities that have 
instituted programs for curtailing and in some cases 
completely eliminating the d-c power supply to con¬ 
centrated load areas. The change from d-c to a-c power 
supply for elevators in the affected areas requires the sub¬ 
stitution of a-c elevator equipment or the use of converters 
to supply d-c to the existing elevator equipment. Eleva¬ 
tors may be operated equally well from either alternating 
current or direct current, so the choice is dependent upon 
the cost of the change-over. 

Where a converter is to be used, a phanotron rectifier 
possesses many advantages. Its first cost is competitive 
with other forms of converters. It has no rotating parts 
and so requires no special foundations, and it is quiet in 
operation. These two characteristics permit greater 
freedom in selecting the location of the converter. It is 
more efficient than a motor generator set. It is semi¬ 
automatic in operation, thus requiring little attention from 
the building attendant. 

The phanotron rectifier used for elevator power supply 
is of particular interest as it is the first industrial applica¬ 
tion of the modem type of metal electron tube in power 
sizes. In addition the automatic features incorporated in 
these rectifiers have resulted in a very successful service 
record and consequently merit the careful attention of 
those interested in applying electronic equipment for 
power purposes. 

Before describing the phanotron rectifier and consider¬ 
ing its features, the power requirements of elevators will 
be reviewed. 


required to hoist full load, and on geared, installations, 23 
per cent. 

Where there is more than one elevator in an installa¬ 
tion, it is impossible to predict the load demand from the 
speed and capacity of the various elevators. The average 
elevator does not operate more than 60 per cent of the 
time that it is in service. Since the loading is usually 
directional with respect to time of day, maximum load 
Will not be required more than 25 per cent of the operating 
time. Consequently, the ratio of maximum to average 
load will be high where only a few elevators are involved 
in a given plant. As the number of elevators increases, 
the ratio reduces and the short time power peaks become 



Figure 1. Typical load on a bank of three elevators with 35' 
horsepower motors 


Power Requirements of Elevator 

Elevators with few exceptions are simple counter- 
weighted hoists in which counter weight generally equals 
that of the cab and its appurtenances, plus 40 per cent 
of the cab capacity. The motor load is characterized by 
peak power consumption during the starting and accder- 
ating period followed by a very much reduced load during 
the running period, which depends upon the number of 
passengers in the cab, and may be regenerative in charac¬ 
ter, followed by regenerative braking to a slow speed or 
stop. The current required to accelerate full load may 
vary from 100 to 250 per cent of the current required to 
hoist full load. The usual maximum regenerative load on 
gearless installations is approximately 48 per cent of that 

Paper number 37-170, recommended by the AIEE joint subcommittee on elec¬ 
tronics, and presented at the AIEE winter convention, New York, N. Y., 
January 24-28,1938. Manuscript submitted October 28,1937; made available 
for preprinting January 3, 1938. 

C. C. Clymer and R. G. Lorraine are both affiliated with the General Electric 
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less pronounced. The type of motor used also has a con¬ 
siderable effect on the shape of the power demand curve. 
A typical elevator load is shown in figure 1. 

If load curves can be obtained during times when the 
elevators carry heaviest loads, the maximum momentary 
peak current, the average current, and the root mean 
square current may be estimated and used as a basis for 
determining the size of the phanotron converter. 

The First Installation 

In the fall of 1935, a trial installation was made in 
Chicago using a four-tube rectifier operating from a power 
supply of 208 volts, 3 phase, 60 cycles, and delivering 
direct current at 230 volts. Operating data obtained be¬ 
fore the change-over showed instantaneous peaks in excess 
of 200 amperes. These peaks and the fact that the only 
phanotron tube in tins current range was rated 30 amperes 
average with a momentary peak commutating capacity 
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Figure 2A. Front 
view of rectifier 
with doors open 


of 150 amperes, necessitated the use of a double single¬ 
phase circuit with an interphase transformer to obtain the 
required momentary peak capacity. The original design 
included anode fuses to protect the rectifier. Soon after 
this unit was placed in service, a tube arc-back or short 
circuit blew the anode fuses and left the elevator stranded 
between floors. This occurrence clearly indicated the 


To date, there have been built seven 230-volt units and 
three 550-volt units. These range from 25 kw for one 
hour to 40 kw continuously at 230 volts, and 50 kw for one 
hour at 550 volts. 

These rectifiers are usually described by a one-hour 
kilowatt and a peak-current rating as the elevator load is 
directional and highly concentrated with respect to time 
of day. 

Phanotron Tubes 

The phanotron tube used in the elevator type of recti¬ 
fier is of the directly heated hot-cathode type, with a 
metal envelope, internal insulated anode, and mercury 
vapor. The tube (This tube bears the trade designation 
FG-166.), figure 3, is designed to operate at condensed mer¬ 
cury temperatures of from 20-80 degrees centigrade. This 
range corresponds to an ambient temperature of from 20 
degrees to 50 degrees centigrade. Before a rectifier of this 
type can be placed in service, the proper vapor conditions 
must be established inside the tubes and the filaments 
must be brought to the emitting temperature. To 
accomplish this, the filaments should be energized for a 
short period of time, one to two minutes under ordinary 
conditions or a longer time if low ambients are encoun¬ 
tered. If the rectifier is to be placed in a position where 
the ambient goes below five centigrade, thermostatically 
controlled dampers or louvers are used in the ventilating 
system to assist in maintaining the proper operating 
temperature of the tubes. 

The average expected life of this type of tube is 10,000 
hours when operated under conditions described here. 
Four installed in October 1935 have already given approxi- 


necessity of eliminating the fuses, and in addition, pro¬ 
viding reserve rectifying capacity in order to maintain 
service in event of a tube failure. 

Phanotron Rectifier 

A modified rectifier design using six phanotron tubes, 
anode contactors, thermal overload relays, and reclosing 
timers was then built. It operated so successfully that 
all subsequent rectifiers for elevator service have followed 
this same fundamental design. 

The general appearance of the rectifiers is shown in 
figure 2. It consists primarily of phanotron tubes 
mounted in the middle section, with power transformers 
and interphase transformers mounted in the base. The 
associated control and protective equipment is mounted 
upon a panel within the cubicle, and the cubicle is pro¬ 
vided with two full length hinged doors to give ready 
access to all parts of the rectifier. The tubes are enclosed 
in an individual section at the back of the cubicle, which 
extends the length of the rectifier, access being provided Figure 2B. Front 
by two small hinged doors inside the enclosure. This view of rectifiei 
compartment is in effect a chimney providing the proper with main door 
ventilation to maintain the tubes at the desired operating and tube-corn- 
temperature. The screened opening through which the pertinent door 

ventilating air enters is located at the rear of the cubicle, open 
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mately 16,000 hours service and twelve installed in Janu¬ 
ary 1936 have been operating continuously with no fail¬ 
ures. 

Triple Single-Phase Full-Wave Circuit 

In a single-phase full-wave connection, each tube carries 
current for 180 electrical degrees. The tube used in the 


enough reserve capacity to keep the elevators in service 
in the event of a tube failure. The triple single-phase full- 
wave circuit accomplishes this purpose as it may be op¬ 
erated as a double single-phase full-wave circuit and 
produce two-thirds of its rated output simply by opening 
the circuit having a faulty tube as an inspection of the 
elementary circuits will show this possibility. 

The power and control circuits are shown on figure 4, 



Figure 3 (left). FG-166 hot-cathode 
tube used in rectifiers 


Figure 4 (right). Elementary a-c control 

diagram 

7-1—Cathode-heater timing relay 
7-2—Reclosing timing relay 
7-3—Alarm relay circuit 
LA 1, 2, 3—Thermal relays 
TR'l, 2, 3—Thermal relays 
OL —Overload relay 
SW —Control switch 
UR —Unbalance relay 



elementary a-c control diagram; figure 5, elementary dia¬ 
gram of power circuit; figure 6, elementary d-c control 
diagram. 

Functions of Semiautomatic Control 


rectifiers has an average rating of 30 amperes with a peak 
rating of 150 amperes. Thus, such a single full-wave 
rectifier would have an average current rating of 60 am¬ 
peres and a maximum momentary peak rating of 150 am¬ 
peres. Likewise, three such rectifiers, one connected to 
each phase of a three-phase supply, and having their cath¬ 
odes paralleled through interphase transformers, would 
have a combined rating of 180 amperes, and a momentary 
peak rating of 450 amperes. This arrangement of con¬ 
nections will be called a triple single-phase circuit. The 
triple single-phase full-wave circuit has the additional ad¬ 
vantage of balancing the load on the three-phase supply. 
Also this arrangement increases the ripple frequency and 
reduces its magnitude because of the 120-degree displace¬ 
ment resulting in a smoother d-c voltage. Considering 
motor generator sets, however, I would say that the set 
had a continuous rating of 180 amperes and a maxi¬ 
mum commutating peak capacity of 450 amperes which 
the generator could safely produce. The single-phase 
circuit makes possible the maximum utilization of the 
current carrying capacity of the tube resulting in greater 
reliability of operation and longer tube life than is ob¬ 
tainable in any other type of circuit so far available for in¬ 
termittent service. 

The experience gained on the four-tube rectifier indi¬ 
cated the desirability of using a circuit which would have 


In case a tube arcs back, the a-c overload relay (OL) 
opens the coil circuit to the anode contactors which im¬ 
mediately open. After two seconds the anode contactors 
are reclosed by reclosing relay (T2). If the trouble per¬ 
sists after several reclosures, one of the three double-pole 
temperature overload relays (TR-1-2-3) in the faulty 
circuit will open the coil circuit of its associated anode con¬ 
tactor and operation will be continued with the remaining 
phases and four tubes. The tubes are removed in pairs 
because the failure of one tube in a single-phase full-wave 
circuit produces saturation in its anode transformer and 
also reduces the average output voltage resulting in the 
remaining tube carrying practically no current. The 
opening of the contactor in one single-phase circuit 
changes the ripple frequency causing the operation of un¬ 
balanced relay (UR). The operating coil of this relay 
forms a part of a series tuned circuit connected across the 
d-c output (see figure 6). The unbalanced relay (UR) 
operates a relay (TS) to close the user’s alarm or indicating 
circuit. If the disturbance has been one of repeated arc- 
backs, the defective tube can be identified through its 
element of the temperature relay in that phase. 

If the tube fails to conduct because of lack of emission, 
the unbalanced relay (UR) will operate the alarm, no other 
relays operating. In this case the anode contactors will 
not be open, but the defective tube can be identified by 
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its lack of the characteristic blue glow as seen through the 
anode seal at the top of the tube. In order that a spare 
tube may be placed in operation, provision is made for 
holding it between the active tubes so that the ra dia ted 
heat will keep it warm and the mercury properly dis¬ 
tributed. 

On the occurrence of a severe overload the control 
functions in the same manner as that for an arcback. If 



Figure 5, Elementary diagram of power circuit 


CHT— Cathode-heater transformer FG-166—Phanotron tube 
IPT- Interphase transformers FT —Power transformers 

Ml, 2, 3—Anode contactors T —Thyrlte arresters 

T/tt, 2, 3—Thermal relays 


the overload persists for less time than required for the 
thermal relays to operate the anode contactors will re¬ 
close and normal operation will be resumed. 

When connecting the rectifier to the source of supply, 
the cathode-heating transformers (CHT) (figures 4 and 5), 
are energized and supply excitation to the tubes. A tim¬ 
ing relay (T 1) is energized and after a predetermined 
time applies voltage to a reclosing timer ( T2 ). In two 
seconds, voltage is applied to the closing coils (LA-1, 2, 3) 
of the three-tube anode contactors provided the control 
switch (.STF) is closed. The closing of these contactors 
completes the circuit and makes power available. 

The rectifier may be removed from the d-c load by open¬ 
ing switch GSTF) which de-energizes contactors (LA-1,2, 
3) and opens the power circuit of the rectifier. How¬ 
ever, the cathode-heater transformers remain connected 
to the power supply so that upon closure of SW, the recti¬ 
fier is immediately reconnected to the load. Opening of 
the a-c power supply de-energizes the timing relay and 
power transformers. For the resumption of operation 
upon reclosure of the power supply switch, the timing cycle 


must be repeated after which the rectifier can be returned 
to service. 

Overhauling Load 

When the elevator is lowering a sufficiently heavy load, 
it holds speed by regenerative braking. Since the elevator 
rectifier cannot return this power to the supply circuit, it 
is necessary to provide a loading resistor which will ab¬ 
sorb it. The loading resistor (f?3) is shown in elementary 
d-c control diagram, figure 6. 

The operation of the regenerative loading circuit is as 
follows: if power is supplied to the d-c output circuit, 
the coil of timing relay (T4) is energized through the load¬ 
ing resistor (R3), which relay completes the circuit of the 
instantaneous voltage relay (VR). When the rectifier 
operates with an overhauling load, the voltage on the d-c 
bus rises sufficiently above no load voltage to actuate 
voltage relay (VR) which in turn closes the loading resistor 
contactor (L) and allows it to absorb the overhauling load. 
The closing of contactor (L) also de-energizes the operat¬ 
ing coil of the timing relay (T4), which after four seconds 
drops out, opening the voltage relay coil circuit so that the 
control is ready to repeat the cycle if the regenerative con¬ 
dition persists. As the regenerative power usually exists 
for much less than four seconds, generally one operating 
cycle is sufficient. 

Power and Interphase Transformers 

The transformers employed in these rectifiers are of the 
natural-draft air-cooled type as this construction provides 
the most economical design. As the transformers are 
located inside the cubicle (see figure 2) individual en- 

R-1—Loading resis¬ 
tor 

UR —Unbalance re¬ 
lay 

CAP —Capacitor 
VR —Voltage relay 
R-2 —Variable resis¬ 
tor 

T-4—Timing relay 
L —Contactor 
R- 3 — Regenerative 
loading resistor 

Figure 6. Elementary d-c control diagram 

closing cases are not required. Transformers operating 
in rectifier circuits are subjected to transients during 
faulty operation. To protect the windings against any 
surge voltages that may be induced at such times, thyrite 
resistors (T) in figure 5 are connected across power trans¬ 
former secondaries to neutral, and across one winding of 
each interphase transformer. 

The triple single-phase circuit requires three interphase 
transformers. Each transformer has two independent 
sections connected zig-zag in order to cancel the d-c am- 
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pere turn under balanced load. The connection is equally 
effective with either two or three single-phase circuits in 
operation. 

The design of the interphase transformer is of special 
importance in this particular service as the magnetizing 
current determines the point of inflection of the voltage 
regulation curve, figure 7. Slight manufacturing varia¬ 
tions will naturally be encountered in similar circuits of 
identical design; hence, the d-c current supplied by each 
rectifier circuit will be different. To prevent saturation 
due to any small unbalance that may be present, the in¬ 
terphase transformers are constructed with an air gap. 
The magnetizing current being roughly proportional to 
the air gap, a small air gap is desirable in order that the 
inflection points occur at as light a d-c load as possible. 

To provide the desired interphase transformer char¬ 
acteristics, the air gap is slotted, that is there is a small sec¬ 
tion of iron in the gap which produces a low-impedance 
flux path at light load, but which saturates very early 
under increased load, and so effectively lengthens the air 
gap. To prevent a high no-load voltage, a small loading 
resistor (i?-l) (figure 6) rated 1.6 amperes is permanently 
connected across the d-c output. Its loss is only a small 
percentage of the no load loss of the rectifier. 

Voltage Regulation 


better than can be obtained from a motor generator set of 
like rating, particularly at the light loads which are usu¬ 
ally encountered with most elevator plants because of 
their low load factor. No-load losses are approximately 
2.4 kw. 

Figure 8 also shows the input power factor. It will be 
noted that this is very good even at no load, where the 



With the loading resistor in the circuit, the voltage at 
no load is about 257 volts and the voltage regulation of the 
elevator rectifier is approximately ten per cent as shown 
by the flat portion of solid line in figure 7, The dotted 
curve in figure 7 shows the regulation which would be ob¬ 
tained if one branch of the triple single-phase circuit were 
not operating. This latter regulation has been found to be 
sufficiently good to maintain substantially normal opera¬ 
tion of the elevators. 

Efficiency and Power Factor 

The efficiency curve of the 40-kw, one-hour, 230-volt rec¬ 
tifier is very flat as shown in figure 8. This is materially 



power factor is approximately 0.77. This is contrasted 
with a motor generator set having a no load loss of approxi¬ 
mately 3.5 kw at a power factor of 0.25. 

Summary 

The triple single-phase phanotron rectifiers at the pres¬ 
ent time are built in capacities up to 40 kw at 230 volts 
aud 75 kw at 550 volts. Their application has not been 
confined to elevator loads, one having been applied to 
general machine shop load including cranes, and another 
handling the entire building load elevators, ventilating 
fans, pumps, etc. 

The units are self-contained with all live parts enclosed 
and if desired the cubicle may be locked. The installation 
wiring is limited to bringing in the a-c supply and con¬ 
necting the d-c load. Installation costs are thus held to a 
minimum. 

The operation of the seven rectifiers in service has to 
date been entirely successful. Additional rectifiers have 
been purchased by the original users after one year of use, 
indicating the suitability of the rectifier for hoisting 
service. 


Discussion 

T. G. Glenn (General Electric Company, Chicago, HI.): There are 
at present five 40-kw and two 25-kw, 250-volt phanotron rectifiers 
furnishing power for elevator equipment in the Chicago Loop area. 
These rectifiers supply power for elevators, both freight and pas- 
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senger, which in the majority of cases are in service 24 hours a day, 
seven days a week, so that the phanotron equipment is energized con¬ 
tinuously. Because of this continuous service it is essential that the 
equipment operate with high no load efficiency. 

The installations in the Chicago Loop area have been very succes- 
ful and given remarkably satisfactory service. As the buil ding s in 
which they are installed are of a smaller office and manu facturing 
loft type, the electrical maintenance force is not of the caliber to give 
equipment the type of maintenance that rotating apparatus would 
require. In fact the equipments since their installation have seen 
little or no maintenance, and several of them are covered with dust 
and have not been inspected in months. 

This is a condition, of course, that is not desirable and one which 
has been called to the building managements* attention, but it does 
indicate that the phanotron rectifiers will operate with little or no 
attention. 

It has been found desirable to make complete load checks before 
recommending the size of conversion apparatus, or the size of resistor 
for regenerative braking. Load tests have been of an advantage as 
elevator equipment in most instances is old and nameplate ratings do 
not indicate the true capacity of the equipment. 


As these phanotron rectifiers were installed in buildings where most 
of the available space is in use, rectifiers must be installed where 
space is available, sometimes this in the the basement and sometimes 
in an out of the way corner on one of the floors of the building. Our 
experience has shown that locations that were not suitable for rotat¬ 
ing apparatus could be used for the rectifiers. 

At first the electrical contractors who in general are installing the 
phanotron rectifiers, were skeptical of the equipment. This attitude 
perhaps was due to the equipment being new and unfamiliar to them, 
and contained electronic devices. However, the extreme simplicity 
of installation and wiring appeals to them. For instance, the wiring 
of a phanotron rectifier equipment requires only the installation of a 
three-wire incoming a-c line and a disconnect switch, and an outgo¬ 
ing two-wire d-c line to connect the load sides of the rectifier with the 
existing d-c mains in the building. 

The long tube life experienced in these installations indicates a low 
maintenance cost. 

The operating experience of the phanotron rectifiers in the Chicago 
area has shown that these units if properly installed, will furnish 
service comparable to that supplied from a 250-volt d-c system, of the 
power company. 


390 Transactions 


Clymer, Lorraine—Phanotron Rectifiers Electrical Engineering 



Transmission Line Transients in Motion Pictures 

By L. F. WOODRUFF 

MEMBER AIEE 


I N SELECTING subjects for educational treatment by 
motion pictures at Massachusetts Ins titute of Tech¬ 
nology, one of those favored was that of trav eling 
waves on transmission lines. Reasons for the selection 
included the mathematical complexity of the subject and 
the difficulty of teaching it without spending an u ndue 
amount of time; and the fact that the phenomena which 
are involved are functions of both time and distance, and 
hence difficult to illustrate or visualize by ordinary 
methods. Experience in the use of the films with Mass^ 
has shown that students’ general understanding and ap¬ 
preciation of the subject are indeed greatly improved by 
viewing the motion pictures. The films which have been 
prepared have been and are now available in both the 
16- and the 35-millimeter widths for free loan to o ther 
technical schools and associations. 

In undertaking the work, it was decided that a true 
picture should be presented as far as was reasonably 
practicable. Waves computed on the basis of neglecting 
resistance and leakage would be very easy to show, since 
the resulting waves would be purely rectangular in shape. 
This method could not even allow showing the settling 
to the steady state. Computing the waves from the 
formulas for the distortionless line case ( R/L = G/C) 
would be relatively easy, but the results would not be 
very appropriate since this condition presupposes an 
amount of leakage which is much greater than that pres¬ 
ent on any ordinary line. Furthermore, both of these 
foregoing methods involve neglecting skin effect and any 
other phenomena which result in the departure of the 
wave front from the vertical. 

A better method of computing, but one which still 
neglects the factors winch lead to a rounded wave front, 
is the one which results from the analysis based on uni¬ 
formly distributed line constants of resistance, induc¬ 
tance, and capacitance. This is not an easy method to 
apply numerically, but it was felt that at least one case 
should be treated in this way, if only for comparison with 
other results. 

Computation of wave distributions with skin effect 
taken into account can be worked out by brute-force 
methods, such as representing a suddenly impressed 
voltage by a Fourier's series of period sufficiently long to 
allow the line to settle practically to a steady state before 
the following impulse comes on. This settling to the 
steady state may be hastened by having the fine loaded 
by a resistance equal to its surge impedance. A tre- 

Paper number 37-101, recommended by the AIEE committee on power trans- 
oussioii and distribution, and presented at the AIEE winter convention, New 
ork, N. Y,, January 24-28, 1938. Manuscript submitted August 25, 1937; 
made available for preprinting January 3, 1938. 

rll ^,V^ 00DRUFP * s associate professor of electrical engineering at Massachusetts 
Institute of Technology, Cambridge. 
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mendous number of harmonics however must be handled 
even to approach fairly closely to the actual solution for 
a single time and position on the line. When it is con¬ 
sidered that literally thousands of complete curves of 
distribution are required for the motion pictures, and 
further that it is desirable to treat cases in which the re¬ 
flection at the load would add further great complexities 
in the calculation, it is seen that this method is not pos¬ 
sible to apply in any reasonable time or at reasonable 
expense. Steinmetz 1 has made a very rough use of this 
method, but without the device of adding the surge- 
impedance load to hasten subsidence. 

A rather meager amount of progress has been made in 
more direct mathematical attacks upon the problem of 
traveling wave behavior with skin effect taken into ac¬ 
count, but there is no formula as yet developed which 
yields a solution sufficiently precise for the purpose at 
hand, or sufficient economy of time and effort to warrant 
its use for such a purpose. 

Attention was turned therefore to methods of deter¬ 
mining the data experimentally. The ideal source for the 
data would be a long actual power transmission line, but 
the practical difficulty of getting the use of such a line 
over a long enough period, and of taking observations at 
a large number of points along the line separated from one 
another by many miles, were very large. 

Fortunately there have been available for a number of 
years in the electrical engineering laboratories at Tech¬ 
nology, artificial transmission lines with distributed con¬ 
stants, designed by F. S. Dellenbaugh, Jr. 8 Comparisons 
of oscillograms taken of transients on these artificial lines 
and on actual overhead lines have shown that the char¬ 
acteristics of the laboratory lines are very nearly the same 
as those of actual lines. It was decided therefore to use, 
as, the chief source of data, oscillograms taken at various 
points along one of these laboratory lines. Various types 
of load could be connected, and the transients and re¬ 
flections resulting from complicated cases could be handled 
as easily as those from simple cases. A length of 250 
miles was selected as being about equal to that of the 
longest existing lines. Relatively simple cases were 
selected for first treatment, since the purpose was an 
educational one. 

On account of the rapidity of the transients and the 
steepness of the wave fronts, it was essential to use a 
cathode-ray oscillograph. In order to secure a standing 
image of the transient on the screen of the cathode-ray 
tube, and to obtain a time datum and comparative voltage 
datum with respect to the sending-end voltage, a special 
commutating device was developed to make it possible 
to give in effect a plurality of traces, of different currents 
or voltages, simultaneously on the screen. This device 
has been described in an earlier article. 8 
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Figure 1. Volt¬ 
age - time - dis - 
tance surface rep¬ 
resenting d-c 
switching tran¬ 
sient on open line 


photograph of this solid figure for the open-line case is 
reproduced in figure 1. 

With reference to this solid figure, each voltage distribu¬ 
tion curve may be visualized as a thin slice of the figure 
made in a direction perpendicular to the plane of the ply¬ 
wood pieces and to the base. 

The voltage distribution curves for a number of in¬ 
stants of time are shown in figure 2. It is seen that the 
wave undergoes attenuation and distortion during its 
travel, and the wave front becomes progressively less and 
less steep. Complete reflection at the open end takes 
place without a change of sign, resulting in a voltage nearly 
twice the impressed voltage for a short time. Reflection 


It was decided that the films should be confined to 
showing variations of voltage, rather than bringing in 
current variations also, for several reasons. On power 
lines, when damage is done by traveling waves, it is by 
high-voltage rather than by high-current effects, and 
hence the voltage is practically more important. It is 
also easier to understand the entire phenomenon by watch¬ 
ing a voltage wave rather than a current wave, because 
with the proportionality which exists between voltage and 
charge on a smooth line, an idea of the current is obtained 
readily by mentally applying the analogy of a mass of 
liquid moving along as a wave or surge. The only dis¬ 
advantage in using voltage rather than current is that in 
the computation (which was used in one case for com¬ 
parative purposes) the voltage is much more difficult and 
tedious to calculate. This disadvantage however can be 
overcome, as will be seen later. 

Each oscillogram is a record of the time variation of 
voltage at some definite point on the artificial line, where¬ 
as the type of curve needed in preparing the motion pic¬ 
tures is a distribution of voltage along the entire length of 
the line, at a definite single instant of time. It was 
necessary therefore to replot the oscillographic data, 
transferring one ordinate from each oscillogram taken 
under a given set of line conditions, to a distribution curve. 
This was done by carefully ruling off all the 32 oscillograms 
which were taken for each case, by equal time intervals, 
and making use of a pair of proportional dividers to trans¬ 
fer and scale down the voltages recorded, at a particular 
length of time after energizing the line, on all the 32 
oscillograms, to the distribution curve for that particular 
instant. Corrections for nonlinearity of the sweep time 
axis and other distortions were made in this process. 

Direct Voltage on Open Line 


Figure 2. Direct- 
voltage waves on 
open line 
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The first case treated was that of the open-end line, 
with direct voltage suddenly impressed on the uncharged 
line at the sending end. 

As an aid in visuahzing the three-dimensional variation 
involving distance, time, and voltage, tracings of the 
oscillograms were made and glued to sheets of plywood, 
and then cut out along the curves by means of a jig saw. 
When these pieces are assembled in order, they form a 
three-dimensional plot of the variation of voltage, during 
the transient period, with both time and distance. A 
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Figure 3. Direct- 
voltage switching 
transient on short- 
circuited line 


at the sending end occurs with a reversal of sign, and after 
several trips of the wave over the line the distribution is 
obviously approaching the steady state of a voltage along 
the whole line equal to the impressed voltage. This is 
in the absence of any appreciable leakage on the line. 


Figure 4. Direct- 2V 

voltage waves on v 

short-circuited 
line 
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Techmque of Actual Photography 

When distribution curves had been plotted in the man¬ 
ner already explained, dark paper cutouts were made 
with scissors to fit the distributions. These were then 
glued to white paper background sheets, which had per¬ 
forations to locate them precisely over pins on a platform 
under a motion-picture camera. The procedure was 
quite similar to that used in animated cartoon motion 
pictures. The background drawings of the transmission 
line, scale lines, generator, and terminal connection in the 
animation scenes were made on celluloid. These were 
then printed photographically on film to avoid trouble 
due to chipping off the ink, which occurred when the 
original drawings on transparent celluloid were used re¬ 
peatedly. Transparencies were used also in obtaining a 
number of special effects, including rotating commutators, 
dosing switches, sections of wave moved and inverted to 
illustrate the action of complete reflection. 

In order to economize on the labor required, the dis¬ 
tribution plots were not made independently for each 
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frame of the motion picture. One was made for every 
eighth frame, and the distributions in between were 
determined by graphical interpolation first into halves, 
then quarters, and finally eighths. One hundred twenty- 
eight different views were prepared to produce a transit of 
the wave from one end of the line to the other. As the 
steady state was approached and the motion became very 
slow, it was found possible to use one distribution diagram 



Figure 5. Direct-voltage switching Figure 6. Direct-voltage switching 
transient on line loaded with resistance transient on line loaded with resistance 
greater than surge impedance equal to surge impedance 
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Figure 7. Direct-voltage switching 
transient on line loaded with resistance 
less than surge impedance 
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for two or more successive exposures on the film, without 
producing an effect of jumpiness on the screen. 

On the screen, the progress of the wave is shown in 
slow motion, its time of propagation on the 250-mile line 
being increased from one seven-hundred-fiftieth second 
to about ten seconds. The actual linear speed on the 
screen is made about one billionth of the actual speed. 

Direct-Voltage Waves on Short-Circuited Line 

The second case treated was that of direct-voltage waves 
on a short-circuited line. The solid figure showing the 
voltage-time-distance variation is pictured in figure 3. 
A number of the voltage distributions along the line are 
shown in figure 4. 

Combined with the depicting of the building up of the 
voltage on the short-circuited line, there was shown also 
the process of draining this charge from the line by switch¬ 
ing off the generator and allowing the line to discharge 
through a noninductive resistance equal numerically to 
the surge impedance of the line. 

Direct-Voltage Waves 
on Line With Resistance Load 

Three cases of resistance load were treated in order to 
bring out the different types of partial reflection. These 
were for values of load resistance greater than, equal to, 
and less than the surge impedance of the line. The 
solid figures of voltage-time-distance variation are shown 
in figures 5, 6, and 7. Distributions of voltage are shown 
in figures 8 and 9. It may be observed in figure 8 that 


partial reflections without a change of sign occur at a 
resistor termination whose resistance is greater than the 
surge impedance. No reflection occurs when the termi¬ 
nation has a noninductive resistance equal to the surge 
impedance. Partial reflections with change of sign are 
shown in figure 9, which is for the line with termination 
having noninductive resistance less than the surge im¬ 
pedance. 

Direct-Voltage Waves 
on Line With Inductive Load 

The case of voltage waves striking an inductive termi¬ 
nation was treated. The three-dimensional plot, made by 
packing together 33 oscillograms pasted on plywood and 
cut out along the curves, is pictured in figure 10. Plots 
of voltage distribution are shown in figure 11. 

It may be observed that when the voltage wave first 
strikes the inductive load, there is an approximately com¬ 
plete reflection without a change of sign, just as is the 
case when the wave strikes an open end. The reason for 
this is that the flow of current along the line accompanying 
this voltage wave is temporarily halted by the inductance. 
In order for the current to flow on without delay into the 
inductance, an infinite rate of change of current there 
would be required, if there were no distributed capacitance 
in the inductor itself. The rate of change of current 
build-up can occur only at a rate such that the back emf 
produced by the inductance will equal the voltage im¬ 
pressed bn the inductance. This initial stoppage of the 
current causes the charge to build up just as in the open¬ 
line case, but soon the current begins to flow in appreciable 



Figure 8 (extreme left). Direct-voltage 
waves on line loaded with resistance 
greater than surge impedance 


Figure 9 (left). Direct-voltage waves 
on line loaded with resistance less than 
surge impedance 


Figure 10 (below). Direct-voltage 
switching transient on line with in¬ 
ductive load 
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quantity through the inductance, draining some of the 
charge off the line and reducing the voltage. The size of 
the inductance used as a load in these tests was approxi¬ 
mately the same as that of the entire 250 miles of line 
about one henry. 

When the original wave has reflected from the load, and 
the reflection returned to the sending end, its sign becomes 
reversed, and when it travels down toward the load end 
again, its sign is negative. This negative wave reaches 
the load and undergoes a negative reflection, at a time 
when the voltage at and near the load has been greatly re¬ 
duced by the continuously increasing current which is 
being drained away by the inductive load. As a result, 
the net voltage at the load and near it goes below zero 
and takes on a very considerable negative value. 


Direct-Voltage Waves 
on Line With Capacitive Load 

Another case treated was that of direct-voltage waves 
on a line with a termination of capacitance. The solid 
figure of voltage-time-distance variation for this case is 
shown in figure 12; and plots of distribution at different 
instants of tim e in figure 13. It will be observed that the 
initial reflection is similar to that on a short-circuited line, 
since the load end is maintained at zero voltage until a 
finite and sufficient time has elapsed to allow a finite 
quantity of charge to accumulate in the condenser. The 
action as this charge accumulates can be traced by the 
rise of the voltage behind the wave front of the first re¬ 
flection as it makes its way back toward the sending end. 

Alternating-Voltage Waves 

No motion pictures have been made as yet of the alter¬ 
nating-voltage waves. It was felt that the comparative 
simplicity of the d-c phenomena made the d-c case more 
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valuable for illustrating fundamental phenomena. An¬ 
other reason for the choice was the fact that for most 
power lines the wave phenomena take place and are com¬ 
pleted so rapidly that there is usually very little change in 
the instantaneous value of impressed voltage during the 
interval. 

However, oscillograms were taken for a number of a-c 
cases, and three-dimensional figures built up as before. 



Figure 14. Alter¬ 
nating - voltage 
switchingtransient 
on open line 


In figure 14 is shown the voltage-time-distance relation on 
a 250-mile open line when a 60-eycle-per-second voltage 
is suddenly impressed at the peak of its wave. 

In figure 15 is shown another solid plot for the a-c case, 
which differs from that of figure 14 only in that the line 
was loaded with a resistance equal to approximately twice 
the surge impedance of the line, instead of being open. 


Figure 15. Alter¬ 
nating - voltage 
switching tran¬ 
sient on line 
loaded with resist¬ 
ance greater than 
surge impedance 



of waves produced by lightning on power lines, showing 
the effect of corona and of lightning arrester operation. 
Perhaps at some future time they may be made. 

Grateful acknowledgment is made to Messrs. Frank 
H. Conant, Philip H. Ramsdell, and B. E. Battit for their 
parts in the work. 


Appendix—Computed Voltage Wave 

It was desired for comparative purposes to show a voltage wave 
computed on the basis of assumed constant line parameters, as 
already stated. The literature was searched for the best and most 
practicable formulas to use in the computation. 

J. R. Carson 4 gives an integral formula for the voltage as a func¬ 
tion of x and on a line with uniformly distributed and constant re¬ 
sistance R, inductance L, and capacitance C (leakage zero) per unit 
length, as follows: 


Possibility of Further Work 

It is questionable just how far treatment of different 
types of wave should be carried, owing to the very con¬ 
siderable amount of expense, time, and effort involved. 
It is felt, however, that the effort expended on the fiW 
so far produced has been well invested. 

Additional oscillographic data have been taken of waves 
on a large lead-covered telephone cable which was gen¬ 
erously lent for the purpose by Bell Telephone Labora¬ 
tories, Inc. Tests were made without loading and with 
loading coils at the usual intervals, for direct current and 
for 1,000-cydes-per-second alternating current impressed. 
These data are in form sufficiently complete to form the 
basis for a number of traveling-wave films showing tele¬ 
phone-transmission phenomena, if they should be under¬ 
taken in the future. 

If these film s were to be made for the a-c case it appears 
that the best method of procedure in the preparation of 
the master distribution diagrams would be to work from 
the d-c distributions by applying the superposition for¬ 
mula, 4 using a mechanical method of integration. By 
doing this, various frequencies may be treated, as may the 
impressing of the voltage at different parts of the cycle, 
and even complex waves representing speech. Voltages 
of two widely separated frequencies, superposed and 
traveling along the line, would illustrate effects of ampli¬ 
tude and phase distortion. 

It would undoubtedly be most interesting to see films 


e{x,t) = U for vt < x . 
For vt ^ x, 


e(x,t) - E*- A + EA C — ' ~ dT 

J a V2V - A* 


where 
A 


*Jc 

2yi x 


n. R 

T = V. t 


velocity of propagation 


Vlc 

E « size of suddenly impressed d-c voltage 

V. Bush 8 gives the following solution, following Heaviside 8 : 

*«>-a-* [i+ (£ + ,) («-£) + 

noting that it is useful for computation only when (l - x/v) is small; 

In the above, the new symbols have the following definitions: 

P ~ 2L + 2C 

R _G_ 

* " 2i 2C 

It may be noted that when the leakage G is equal to zero, />=>«• «• 
R/2L. 
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Now a fairly simple formula is available for the computation of the 
current wave on a nonleaky line, and in view of the simplicity of the 
relation which exists between current and voltage, it was decided to 
attempt to determine the voltage by performing the necessary opera- 
tions on the known current solution. C C C 

We have from Heaviside and may later writers the current-wave J uvdw ~uvw-Juwdv- J vw 
formula for the nonleaky line, as follows, for xKvt: 


By the recurrence formula, equation 8, it is seen that bht(Z)/bZ in 
the second term of equation 9 may be replaced by / a (Z). We have 
further the general relation that 


du 


( 10 ) 




(i) 




so that (1) simplifies to 




4 


Rt_ 

2L 

■« Io(Z) 


( 2 ) 


(3) 


One of the fundamental differential equations upon which trans¬ 
mission-line wave solutions are based is, for zero leakage, 


be 

bt 


1_ bi 
Cite 


(4) 


The value of i given in equation 3 will be substituted into equa¬ 
tion 4, and then solution for e will be made. Throughout the follow¬ 
ing, it is assumed that 0 < x <vt. It is known of course that for 
x> vt the voltage 0 = 0. It is assumed that we are dealing with an 
infinite line, although of course this solution is applicable to finite 
lines by proper handling of the reflections. 


bZ 

bx 

bZ 

bi 


R*x 

' 4LWZ 


RH 
' 4 L*Z 


From (3), (4), and (5), 

- EL 

*e 2 L bl 0 (Z) 

T" = E V€ - - • 

bt i>z 


RH 
4M 


(5) 

( 6 ) 

(7) 


We have the following recurrence formula 7 for Bessel functions: 
Vn{Z) nI n (Z) 


bZ Z 

~ /»_i(Z) — 


+ -W2) 

nUZ) 


( 8 ) 


From the resemblance which equation 7 bears to bi/bt it can be 
seen that by adding and subtracting the quantities in the brackets 
below, a portion of the expression can be made a perfect differential 
with respect to t. 


--F 


rh , ■' r 

4 L*vZ + 


R jvt — x 
2Lyvt + x 


Rt_ 

to b!o(Z) 

bZ 
m 

to blpjZ) 
b(Z) 2L 
Rt 

to blpjZ) RH 
bZ 
_ Rt 

to bI 0 (Z) 11 
bZ 2L 


Rt 


~ to biojZ) R\vt -x) 


bZ ALHiZ 


, * ' 
+ 2L\ 


Rt 

’ to R " 

UZ) "iz* 


SL 

2L 


'■«*)] 


which it is convenient to apply to this same second term, with 
b!o(Z) 


bZ 


OTh(Z) 


In equation 1 1 0 designates the Bessel function of the first kind and 
zero order, for pure imaginary argument. Let the abbreviation Z 
be introduced, equal to 


y/vt + x 


EL 

2 L 


— -- € dt 

2L 


The entire expression for — is then integrated with respect to t, giv¬ 


ing: 


-EL __ m 

s f{x) + Ee Io(Z) + Ee 2L h{Z) 


J v ±^ + 

ivt -I- X 

n 1L bh(Z) RH J vt-x ~ 2 L 

E J 1 ' 


(vt + x)* ‘ 


V r - _ & x 

vt -f X , R to I 

<»> 


Using the recurrence formula (8) again and substituting for bh(Z )/ 
bZ and Io(Z) there results, for the integral term: 


... +E 


EL 

* 2 L 


=/{- 

RH Ivt — x 
4cL 2 Zyjvt -(- x 


Rt 

to RH 

It (Z) ** 


1 If vt + x 


4L*Z* yjvt + * 


Rt 
' 2 L 


EL 

' 2 L 


2L 


HZ) 

j^-^2 1 


VX 


HZ) + 


ivt + x)* 

2HZ) 


V vt + x 

vt — x 

n 


dt (12) 


Substituting in (12) the value of Z from (2), and simplifying, th e r e 
results: 


VX 


(vt + *)*/« (vt - *)'/» (vt + *)•/ 


2u_ 

'* (vt - k)‘/» 


r / r»\ I* 11 

W) L2’2SM^Jr <u) 


ET, 


_ R± 
R to 

4L*Z ~ZL t 


Be 


J- 

^)vt.^ X , „ R 

VrfT^ + 2l‘ 


The first two terms of the first bracket in (13) have a common de¬ 
nominator, and together they equal half the negative value of the 
third term. These terms come from the term in equation 11 con¬ 
taining bh(Z)/bZ and the succeeding term. If the signs of these 
terms in (11) are reversed, the result is a doubling of the two terms 
referred, to in (13), which will cause the entire first bracketed expres¬ 
sion to become zero, In order to compensate for this change in 
sign, we must add 


EL 

‘ 2 L 


-EL 

2L 

Et HZ) 


HZ) ( 9 ) 


1 vt + x •. . : -. ; - 

to the integral portion of e, as may be seen by inspection of (10) and 
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(11). We then have: 


_ R£ _ R£ 

- /(*) + Ee ^HZ) + 2Be *** h(Z) 




t;] 


' iL d/o (Z) 
bZ 


... +S 


£ 2L /, 

2L* Vi 


( Pi — X 

vt -f x 


I*(Z) dt (14) 


2 L 


*(^)««} 


dt (IS) 


It is seen that each integration results in another integral of the same 
character but of order one higher, and a by-product of an additional 
term outside the integral. The evaluation of the integral may be 
generalized for the nth term as follows: 

x\ n / 2 R ” 2L f ( v t - A V* 1 

E J\vt+x) 21* L n+l(Z) w+lc) + I *W\ tU= 


2 Ei 


.££ / . *±I r < 

Rl 


n±1 
2 


Re 2L f f vt _ A 1 /* “I 

2i L -/ “ +l(Z) lrtT7/ + In+i(Z)Jdl (16) 

The relation expressed in (16) was obtained by induction, but a 
direct proof of it may be had by differentiating it with respect to t. 
The voltage wave may be expressed: 


<*.*) =/(*) + Ee h(Z) + 


2Ee 


Z/.(2)(^)' /! (17) 

»~1 \vt -I- X) 


If the line is initially uncharged, /(*) is equal to zero. There is a 
discontinuity at x =» vt, and equation 17 indicates a wave front (which 
exists where this condition holds) of magnitude 


Ee 


Rt 
2 L 


The magnitude of the current wave front, found by substituting 
X — vt in equation 3, is 

Es/dLt 

The wave front is advancing at a velocity v - l/ViC.andit is seen 
that this flow of current is just sufficient to charge up the line at 
and to the magnitude indicated as being required by the 


expression for the voltage wave front. The voltage solution is there¬ 
fore compatible with the current solution at the point of discon¬ 
tinuity. 

For x > vt, the voltage is everywhere zero, since no charge has yet 
been brought to that part of the line by the oncoming current wave. 

Let the new symbol s be introduced, defined as: 


* JimL 

2L llvt+xj 


JE 

j/vt 


+ X 


(18) 


Now we may take the integral term at the end of equation 14 and 
operate upon it in a manner similar to that used in integrating and 
reducing the last two terms of equation 9. There results: 

_ Rt Rl _ 


Then the expression for the original voltage wave, due to a direct 
voltage E suddenly impressed on a transmission line with constants 
R, L t and C, is: 

- EL 

« - Et tL \h(Z) + 2sh(Z) + 2s*I,(Z) + 2s*f,(Z) + ... )|(19) 
where 

Z a Z* 


i«(z) 


zr ( 


2*1!(« + 1) T 2*2!(« + 1)(« + 2) ' 


■} 


+ ♦.♦ >(20) 


In a similar manner, the more complicated case of the line with all 
four constants R, L, C, and G may be worked out in terms of Bessel 
functions. The result is: 

e = Et-*{UZ) + 2rsh(Z) + (4 r* - 2)s l I,{Z) + 

(8r* - 6 r)s*I£Z) + (I6r‘ - 16r’ + 2)s*I t (Z) + 

(32f« - 40r s + Wr)s*I,(Z) + (64r* - 96r* + 36r» - 2 )S»I,(Z) + 
(128r» - 224r» + 112r» -14r)r 7 /j(Z) + 

(266 r* - 512 r* + 320 r* - 64 r a + 2)s‘I a (Z) + ....} (21) 

In the above, the symbols have all already been defined except r, 
which is defined as and Z is made equal to 


4 -5 


Equation 19 is the one which was used in the computation of the 
voltage distributions for the motion picture. 

A table of Bessel functions of orders from 0 to 11, and covering 
the range of argument required, is available in the Report of the 
British Association for 1896. 

In the artificial line used, which was made up of 32 sections of the 
single-phase line described in Dellenbaugh’s paper, 2 the constants 
were: 



Per Section 

32 Sections 

Resistance . 

... .7.0 ohms 

OKO Q /\Ltn q 

Inductance. 


• 11 . -go* » o on ms 

Capacitance.. 

•... 0 . 0565 microfarad, 

1 OAQ ■ n:t«o/la 

Equivalent length.. _ 

.7.87 miles. 

... .261.84 miles 


The computation for voltage distribution was carried out for a 
range of x and vt between 0 and 12 times the length of the line (0 and 
384 sections), at intervals of one quarter of the length or eight sec¬ 
tions. A few of the early results are given in table I, which is repro¬ 
duced only in small part on account of the large size of the complete 
table. 

For the open-line case, the reflection from the end is complete and 
without change of sign. To illustrate the numerical computation, 
let vt « 40 sections, or one and one-fourth times the length of line. 
Then the section of the wave indicated in table I as lying between 
x 32 and x =* 40 has actually turned around and gone back from 
32 to 24. The wave front is at section 24 and moving toward the 
generator. The distribution is 

#( section) = 0 


8 


16 


e/E 


1.000 0.962 0.925 


24 

0.887 

1.699 


32 

1.700 
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Table I. Value* of Computed Voltage e(x,t) per Volt Impressed 


Yt 

(Sections) 


x 

(Sections) 


16 


24 


32 


40 48 


where the script 9fTC is to be read “mate of” or “Fourier transform of. 1 
Hence the original expansion may be written 


0. 


J) 

911(e) 

8. 

.1.000..0.959 ..0 ..0 . 0 ’*0 

j) 


16. 

.1.000..0.960 ..0.920..0 ..0 *0 

o 

where 

24. 

.1.000.,0.9605..0.921..6.883..0 ..0 

.0 


32. 

.1-000..0.9613..0.923..0.885..0.847..0 

.0 

u * 

40. 

.1.000..0.962 ..0,925..0.887..0.850..0.812 

.0 


48. 

.1.000..0.963 ..0.926..0.889..0.852..0.816..0.779 

7 7 


- E 


«P [ -fV(P + p)*-<r *J 
V (P + p ) 2 — (T S 


CD 

£ Cn(r)u* 


2<r 


iVp + p + <r + V/>+p-<!r]* p + p +V(P + />)»- <r* 


taken directly from table I. The other entry under section 24 is 
the sum of the table I entries for sections 24 and 40. The entry 
under section 32 is twice the corresponding entry in table X. The 
two entries under section 24 represent the values of the wave at the 
top and bottom of the wave front there. 
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But the mate of e is known otherwise (Campbell and Foster, l.c. 
table II, case 3) as: 

tV<*+ ,)*-•*]] 

Hence C n (r) is determined, assuming the form of the expansion is 
correct, by: 

C n (r)u tt = +*>)* ~ 

n=0 P 

If the right-hand side may be expressed as a function of u and r 
the expansion is correct and the expression so obtained is the generat¬ 
ing function of C n (r). Writing W = y/\p + p)* - for con¬ 
venience, this may be done as follows: 

W(p + W) 

P " P(P + W ) 

^ P(P + W ) + 2pp + P 2 — < r 2 
P(P + W ) 


Discussion 


! , 2P , (p 2 - ofKp ± W) 

p + W p(p + TV) 1 


John Riordan (nonmember; Bell Telephone Laboratories, Inc., 
New York, N. Y.): I wish to present a verification of the expansion 
given as equation 21 in the appendix to Mr. Woodruff’s paper; this 
is the general result of the development in the appendix. I should 
explain at once that the process I use is not a substitute for Mr. 
Woodruff’s original method; given the form of the expansion by 
Mr. Woodruff, it will determine the coefficients and verify the form, 
but it requires either this advance information or an act of inspira¬ 
tion to be complete. However, I am able by its means to give a 
generating function, a literal formula, and a recurrence formula for 
the coefficients of the general expansion, equation 21, thus completing 
Mr. Woodruff’s work. The coefficients turn out to be simply re¬ 
lated to the Tchebycheff polynomials. 

Using the notation of the paper with a slight modification, the 
expansion to be verified is as follows: 

00 

« - £ ^^C n (r)s B I„(az) exp (-pi) 
n«*0 

where 

C n (r) = function of r and n which is the coefficient of the nth. term in 
equation 21. 

r m p/<r 

* - I* 1 - x*/v*] 1 /' 

Using the Campbell and Foster table of Fourier integrals (Bell 
Telephone System Technical Publications, Monograph £-584), by 
pair 870.5: 

9ft[$ n I*(<r2) exp (— pt)] — 

(2<r) n exp £ yV(*>+p) 2 -* 2 ] 

y'ip + />) j — «•* v\/p + p + «■ + Vp + p — v] 1 " 
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_ , , 2p pi - W p* — <r* 

+ p + w + (p + + p (p + w)* 

Hence, noting that p + W = — p + a/u: 

-ll+ (j ~ r2 )“ 2 1 _ , , 2ru _ (1 - r>» 

Pi T (1 -r»)»J ^ 1 -ru (1 -ruY 

or 

W ^ 1 — u 2 

P 1 — 2ru + « 2 

which is the required generating function expression. 

But the Tchebycheff polynomials T n (r) (Courant and Hilbert, 
Methoden der Math. Physik, Springer, Berlin, 1931, pages 75 and 
76) defined by 

T n{r) =* cos [n cos~ 1 r] 

have the generating identity: 

1 - 2rx + x* = Tn(r ^ ^ 2 * )n 
Hence 

C n (r) = 2 n T n (r) = 2 cos [n cos*" 1 r] 
and for n 2s 2: 

T n+i (r) = rT n (r) 

Cn+i M — 2rC tt (r ) — C n -i ( r) 

the last of which is the recurrence relation for the coefficients. For 
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convenience of comparison with Mr. Woodruff’s result, the first few Figure 1 
coefficients are as follows: 


CM = 1 

CM - 2r 
CM = 4r 2 - 2 
CM - 8r 3 - Qr 

The first three follow from the literal formula, the last from the re¬ 
currence formula; they may also be obtained by simple long divi¬ 
sion development of the generating function. 

In the special case G = 0, that is p = <r and r = 1, the rath co¬ 
efficient is 

Co(l) = 1 
C n (l) - 2 « * 0 

which verifies equation 19. This result follows immediately either 
from the generating function or the formula for C n (r). 

I am indebted to my colleague S. O. Rice for pointing out the 
connection of the coefficients with the Tchebycheff polynomials. 

L. V. Bewley (General Electric Company, Pittsfield, Mass.): Pro¬ 
fessor Woodruff has shown two very interesting and instructive 
methods of teaching transmission line transients by means of motion 
pictures and voltage-distance-time models. These should prove of 
great value to schools in which traveling wave phenomena is taught; 
because it gives the student a perfect visual picture of what is going 
on during the travel and reflection of a wave. 

Along about 1929 we calculated the wave shapes for lightning 
surges and worked out the reflections for a number of terminal condi¬ 
tions, (“Traveling Waves Due to Lightning,’* AIEE Transactions, 
volume 48, 1929). At that time F. W. Peek, Jr., was directing the 



lightning research at Pittsfield and he asked J. T. Lusignan, Jr., to 
supervise the making of an animated motion picture based on the 
calculated wave shapes. This film (General Electric AX-353-B) was 
shown by Mr. Peek before many different AIEE Sections throughout 
the country. It depicts the formation of a charged cloud; the light¬ 
ning stroke; the formation and development of the traveling 
waves; the attenuation due to corona; reflections from open and 
grounded terminals and from a resistor equal to the surge impedance 
of the line, also from transformer terminals and series inductances 
with and without shunt resistors; and finally the internal transient 
oscillations taking place inside a transformer winding and their 
elimination by means of shields. 

Several years ago D. C. Morgan at Pittsfield conceived the idea of 
illustrating the internal transient of a transformer by a topographical 
voltage-distance-time model, just as Professor Woodruff has now 
done for transmission lines. Figure 1 is a photograph of Morgan's 
plaster-cast model. 
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Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following 21 pages appear discus¬ 
sions submitted for publication, and approved by the 
technical committees, on previously published papers pre¬ 
sented at the AIEE winter convention, New York, N. Y., 
January 24-28,1938. Authors'closures, where they have 
been submitted, will be found at the end of the dis¬ 
cussion on their respective papers. 


Alternator Short-Circuit Currents 
Under Unsymmetrical Terminal Conditions 

Discussion of a paper by A. R. Miller and W. S. Weil, Jr., published on 
pages 1268-76 of volume 56, 1937, AIEE TRANSACTIONS (Oc¬ 
tober 1937 Issue of ELECTRICAL ENGINEERING) and presented for 
oral discussion at the electrical machinery session of the winter conven¬ 
tion, New York, N. V., January 27,1938. 

F. H. Pumphrey (Rutgers University, New Brunswick, N. J.): I 
have been very much interested in the effort of Professor Miller and 
Mr. Weil to digest the work which has been done in m achine tran¬ 
sients and to present it in somewhat simpler form. The necessity 
of conforming with the Institute publication standards has prevented 
them from making a complete statement of assumptions. It thus 
becomes rather difficult to follow some of the steps and so the paper 
loses some of its advantage of completeness as well as simplicity. 

In this connection, I have been unable to interpret physi call y the 
very low frequency element of armature current given on page 1269 
I wonder if it might not be obtained equally accurately by a con¬ 
stant term with a different decrement? I should appreciate any 
help the authors could give on this interpretation. 

Another question has arisen with respect to the change of resist¬ 
ance and reactance of the field circuit of the machine used as an 
illustration, between the first and second papers. Could the authors 
state the basis of this change? 

D-C Machine 
Stray-Load-Loss Tests 

Discussion and authors closure of a paper by Victor Siegfried published 
on pages 1285-9 of volume 56, 1937, AIEE TRANSACTIONS 
(October 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the electrical machinery session of the winter con¬ 
vention, New York, N. Y., January 27,1938. 

R. F. Franklin and T. M. Linville (General Electric Company, 
Schenectady, N. Y.); Stray-load losses of d-c machines are of 
particular interest to designers because by their reduction in value 
increased efficiency and decreased heating are obtained. Every 
effort, therefore, should be made to measure this loss as accurately as 
possible and to determine its manner of variation. 


losses cannot always be determined very accurately and vary in 
value from time to time. The errors thus introduced together with 
the inherent inaccuracies of testing methods, have lead to consider¬ 
able difficulty in determining the stray-load loss. 

Because of these difficulties, the AIEE Standards have devised a 
conventional segregated-loss method of evaluating these losses in 
which arbitrary methods of determining stray-load loss, brush-fric¬ 
tion loss, brush-contact loss, and PR losses are given. These 
methods of determining these losses are, of course, to some degree in 
error, and attention was given to the possible error at the time the 
methods were devised. It is possible that with present better 
knowledge of these losses or possibly by some further investigation 
other methods could be devised that would give a more accurate 
determination of these losses in the majority of cases. It should be 
borne in mind, however, that the present method serves as a Very 
practical and convenient method of determining individual losses 
which makes possible the approximate calculation of total losses 
without excessive cost to the trade. 

On the other hand, it is also very desirable to have a more accurate 
method of determining these losses, even though the method may be 
more expensive and require more elaborate testing equipment. 
Such a method should prove of particular value to designers as the 
division of losses is of particular interest to them. It is probable 
that such a method would be too costly and impractical for general 
use. It would, however, afford a means of improving designs and 
furnishing data for a modification of the more convenient segregated- 
loss method which would make that method more accurate without 
increasing its cost and practicability. The booster-pump-back 
method described in these papers seems the most practical method 
yet devised. Its use is greatly handicapped by the requirement of 
duplicate units as it would be difficult to have machines calibrated 
for load loss available at all times. Nevertheless, an intensive study 
of this method in order to simplify the test procedure, find methods 
of increasing the accuracies of meter readings and reduce their 
number to a minimum and a determination of its limitations might 
be profitable. There are also certain inaccuracies in the determina¬ 
tion of the various losses when using this method that should receive 
further study. 

One of the most difficult losses to measure accurately is that of the 
brush losses. It is well established that the brush friction loss is 
sometimes reduced 50 per cent or more between no load and full load. 
Yet the brush friction loss is measured at no load and assumed to be 
the same under load. Because of this assumption the stray-load 
loss may actually measure negative at light values of load. It 
should, therefore, be recognized that under the present method of 
testing for stray-load loss that it contains a component of brush- 
friction even though this component may have a negative value. 

Another loss that is difficult to measure is that of the brush-drop 
loss. Because of the uneven current distribution in the brush and 
the uncertainties of voltage measurements made on a moving com¬ 
mutator the actual brush-drop loss may be quite different from the 
loss measured. The difference between the two should be recog¬ 
nized as a component of stray-load loss. . 

A third uncertain loss measurement is that of the armature copper 
PR loss. This loss cannot be directly measured and so must be 
determined indirectly as accurately as possible. Since the magni¬ 
tude of this loss is greatly influenced by the temperature of the arma¬ 
ture winding, one of the problems is to accurately m eas ure this 
temperature or else maintain it at the time the loss is measured. 
Either of these is difficult to accomplish and the inaccuracies intro¬ 
duced by the determination of this loss should also be recognized as 
a component of the stray-load loss. 

The above discussion leads to the important conclusion that the 
stray-load loss cannot be measured without at the same time specify¬ 
ing how the other losses are to be determined. In those cases where 
the other losses cannot, be accurately measured under the exact 


Designers have recognized the existence of stray-load loss for a 
number of years and many attempts have been made to evaluate its 
magnitude both by test and calculation. Unfortunately the nature 
of stray-load loss is such as to preclude its direct measurements The 
usual method of measurement is to measure the total losses under 
load and from this measurement subtract all of the known losses 
which can be measured or calculated either directly or indirectly. 
This difference is called the stray load loss. But some of the known 


conditions of load at a given time, provision must be made to eithc 
measure them in a definite manner at no load under arbitrary cond 
tions or to specify a definite manner for their calculation. In eithc 
case it should be recognized that any inaccuracies in the determins 
tion of any of the other losses will have an influence on the magn 
tude of the stray-load loss. 
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In analyzing the data given in the papers attention should be 
called to the distinction between the per cent stray-load-loss values 
given as compared to the one per cent stray-load loss specified in the 
AIEE Standards. The one per cent value is established in conjunc¬ 
tion with the calculation of brush friction as a function of commu¬ 
tator speed, allowance of a (definite value of volts brush drop and 
calculation of the armature I 2 R loss at 75 degrees centigrade. The 
stray-load loss determined in the papers was not obtained in this 
manner. It is incorrect, therefore, to use the stray-load loss as 
measured in the papers as a basis for judging the conventional al¬ 
lowance of one per cent. 

Commercially, only total losses are important and there should 
be little argument against the method of measuring the total losses 
described in the papers. Both papers recommend a booster for 
circulating current between the machines being tested. Unfortu¬ 
nately, the booster must carry the full current of the machin es at a 
comparatively low voltage. Such a machine is not likely to be 
always available. It would be less expensive and more practical to 
adopt the conventional pump-back test as a sufficiently accurate 
determination of the total losses. This may be done entirely apart 
from a consideration of stray-load losses. 

In conclusion, it appears that further study should be given to the 
measurement and calculation of the known as well as the stray-load 
losses. A better knowledge of these losses will not only be helpful 
to the designer in obtaining improved machines but will be helpful 
in increasing the accuracy of determining the total losses by the 
convenient segregated-loss method. The present papers show there 
is interest in the problem and have contributed valuable test data 
and presented improved methods of test. It is hoped further interest 
can be aroused in this subject so as to stimulate further investigation 
and progress. 


E. W. Schilling (Michigan College of Mining and Technology, 
Houghton) and R. J. W. Koopman (University of ICansas, Law¬ 
rence): It is gratifying to know that at least one other party has 
answered the Institute’s request that research work be started and 
papers presented on stray-load losses in d-c machines. Professor 
Siegfried has made tests using the so-called Kapp method and also 
using the Hutchinson test in which the two machines to be tested are 
direct connected and arranged in a pump-back connection using a 
booster to circulate the current. This last test is very similar to one 
of those used by us. 

Referring to Professor Siegfried’s figure 2, page 1286, Electrical 
Engineering for October 1937 [AIEE Transactions, volume 56] 
it is interesting to make a comparison of his method and our method 
of allocating the losses to the individual machines. Since we plot 
loss in watts as ordinates against average armature current as ab¬ 
scissae for the two machines, it is necessary to replot his curve A as 
shown in figure 1. Since his data plotted on logarithmic paper pro- 
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Figure 1. Curve A 
of Siegfried's figure 
2 replotted to show 
average armature 
current for the two 
machines 
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duces a straight line as shown in figure 2, the curve can be expressed 
by an equation of the form L s = kl a n . The exponent is found to be 
1.255. Now consider a point on his curve at 160 amperes. The 
distribution of current between the two machines is not given but for 
our purpose here we will consider I g = 75 amperes and I m =* 85 
amperes. The loss for one machine, at 75 amperes for example, 
will be 

r r I ff n _ 75 

Q ~ 8 i m n +i g n “ 500 sr-*« + ross - 242 watts at 75 am P ere * 

An interesting portion of Professor Siegfried’s paper is the applica¬ 
tion of paraffin to the commutator to reduce friction loss. We can 
readily agree that some such procedure would be desirable, provided 
that the contact drop would be unaffected. However, it is hard to 
believe that such would be the case. Test data taken on slip rings 
with and without paraffin should be made to determine whether or 
not this very valuable aid to the technique of making stray-load loss 
tests may be safely used under all conditions. 

In our tests brush drop was not taken at standstill. Contact drop 
measured at standstill will not under all conditions be the sam e as 
when the machine is running. The difference may be so small that 
it can safely be neglected. Contact drop curves taken at standstill 
and at various speeds should be valuable in determining whether this 
simplification in the test procedure can be used without too great 
loss of accuracy. 

In the last paragraph of “Test of Machines,” page 1288 of Pro¬ 
fessor Siegfried’s paper, it appears that the no-load loss was measured 
when the two machines were running as motors taking the same 
armature current. The booster was then included in the circuit and 
the load current increased. A final reading was then taken of the no- 
load loss. The exact procedure followed here is not perfectly dear. 
According to the test code, paragraph, 2.112, the core loss shall be 
taken “when excited to produce a voltage at the terminals corre¬ 
sponding to the calculated internal voltage.” We presume that this 
was the purpose of the second reading. However, if such was the 
case, what was the purpose of the first reading? 


Edward Hughes (Technical College, Brighton, England): The re¬ 
sults discussed in this paper are very useful in showing the dose agree¬ 
ment between the Rapp and the Hutchinson methods. Their 
value, however, would have been greatly enhanced if the author had 
analyzed the reliable data collected from the various tests in a 
manner that would indicate the fundamental relationships between 
the stray loss and the factors which affect its magnitude. In a paper 
published in the Journal of the Institution of Electrical Engineers, 
volume 63, 1924, pages 35-50, I investigated the effect of flux dis¬ 
tortion on iron loss by measuring the iron loss in an armature with its 
winding on open circuit, the flux being distorted by passing current 
through a compensating winding. Figure 3 shows the results ob¬ 
tained at 2,000 rpm. Similar curves were obtained for speeds 
varying between 200 and 2,400 rpm. It was found that over this 
range of speed and for cross ampere-turns varying between zero and 
those corresponding to full-load and for field excitation ranging from 
zero to about 50 per cent above the normal excitation, the total iron 
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loss could be represented very closely by the following simple ex¬ 
pression: 

Hw + B » a ) + *w} 

where 

k = a constant derived for undistorted flux 
f — frequency in cycles per second 
V% = total volume of teeth 

Bi = mean flux density in tooth under strengthened pole tip 
Bz — ditto under pole tip at which the flux is reversed (if flux is not 
reversed, this term is omitted) 

V a — volume of armature core carrying flux 

B a ---- 

A 

$ = resultant flux per pole 

<b c " cross flux (if any) re-entering pole shoe 
A — sectional area per pole of magnetic circuit through armature 
core 

The iron loss in armature teeth due to the flux of the commutating 
pole can be calculated from a similar formula. 

The above expression has since been confirmed by R. G. Isaacs 
(J.I.E.E., volume 69, page 1303). It is seen from the above expres¬ 
sion that the stray iron loss is an integral part of the total iron loss. 
Consequently, if the stray loss is expressed as a separate quantity, 
it is impossible to relate it satisfactorily to the factors upon which it 
is dependent. 

It is hardly necessary to emphasize that it is just as important to 
be able to predetermine the stray iron loss as it is to measure this 
loss after the machine has been constructed; and I would express the 
wish that the author should again analyze his results either to con¬ 
firm the above expression or to suggest another that may fit in more 
satisfactorily with his own data. 

T. H. Morgan (Worcester Polytechnic Institute, Worcester, Mass.): 
These papers are important and valuable in that they show that 
stray-load loss in d-c machines can be measured to a high degree of 
accuracy. The authors of both papers are to be complimented on 
their splendid painstaking work. Old and well-established methods 
are here applied to determine a loss which only recently has become 
recognized as one which cannot be ignored. 

The results described in these papers indicate that we are well on 
our way in the matter of being able to definitely specify a simple 
straightforward method of determining stray-load loss in d-c ma¬ 
chines. The load-back method is desirable because it gives a meas¬ 
urement of the loss with the machines under actual operating 
conditions. I am of the opinion that using boosters or other ma¬ 
chines to supply certain losses separately and thus keep both ma¬ 
chines under test in exactly similar conditions of load and field cur¬ 
rent is not necessary. 

It is most desirable that a code method be as simple as possible 


without sacrificing the required degree of accuracy. It seems to me 
that these papers indicate that a test might be used in which one 
single voltage is applied to the machines operating in parallel on the 
same shaft with load conditions controlled by adjustment of the field 
currents. With this condition existing we would have the machines 
operating with slightly different armature currents and also with 
different field currents. The apportioning to each machine of the 
correct amount of its loss due to different armature currents can be 
conveniently and accurately taken care of by the method devised by 
Paul M. Narbutovskih for similar use in induction machines. If the 
law of variation of the stray-load loss as a function of saturation 
were sufficiently well established so that correct apportioning due to 
difference in field currents could be accomplished the problem would 
be solved and the whole matter of testing greatly simplified. The 
information given on this point in the papers would seem to indicate 
that for a given armature current the loss variation as a function of 
saturation might prove to be a very simple law throughout the 
range required for the test. Possibly the assumption of a straight 
line relationship would give the required degree of accuracy. Ap¬ 
plication of this law might be considerably simplified if one machine 
were over-excited to the same degree that the other was under¬ 
excited and the average excitation of the two similar machines used 
as the field current for this case. Further work along this line would 
be of great help in determining the accuracy of this proposal. 

Coming back to the question of the test code I have never been 
able to understand a philosophy that says we will set up a code 
which will specify methods of testing for all the losses in a machine 
so that we may determine an accurate value of each, and then goes 
on to arbitrarily allot one loss as a fixed percentage of the input. I 
do not think that such procedure can be justified as being logical, 
scientific, or even practical, for in a matter of this kind practicality 
requires a fair degree of accuracy and not simply arbitrary action. 
It would seem that the authors of these papers have helped very 
materially by showing that it is possible to specify a definite method 
for the accurate measurement of stray-load loss in d-c machines. 

L. B. Miller (Reliance Electric and Bngineering Company, Cleve¬ 
land, Ohio): I feel that Mr. Siegfried is to be complimented on the 
clearness of his paper. In view of the clearness and conciseness with 
which he has condensed the facts which might very easily cover 
many times the space of his paper, it seems like any discussion on the 
subject might be construed as near carping. I would like, however, 
to make some comments. 

I believe that Mr. Siegfried has placed his finger upon the cause of 
considerable apparent inaccuracies which occur in many tests, when 
he attributed to the variability in the performance of the commu¬ 
tator. The very wide change in brush friction is very well brought 
out by Doctor S. W. Glass in his paper on “Measurement of Fric¬ 
tional Characteristics of Brushes/’ which was published in the July 
1937 issue of Iron and Steel . Mr. Glass brings out in this article the 
possibility of a three-to-one change in brush friction for certain 
changes of temperature which are well within the range of a com¬ 
mutator temperature, and also a possibility of a variation as great as 
three-to-one occurring from sanding the commutator. He also 
brings out various rather wide ranges for various other phenomena 
which he classes as the effect of commutator poisons. In view of 
Doctor Glass’ paper, I am forced to wonder as to whether it is not 
possible for paraffin, as mentioned by Mr. Siegfried, to cause cer¬ 
tain inaccuracies which are not brought out into normal operation 
of the machine. 

Siegfried also brings out the necessity of measuring the complete 
terminal to terminal drop, rather than assuming a constant value of 
brush contact drop. Presumably he makes this measurement while 
the machine is stationary. This brings up the question as to 
whether the stationary drop approaches any more closely the actual 
drop occurring while the machine is operating than the assumed 
value given under AIEE specifications. There is no doubt in my 
mind that the assumed value is inaccurate, but I question as to. 
whether the stationary drop is not just as inaccurate. 

Another point brought up in Mr. Siegfried’s paper is the suggestion 
of leaving out series winding, which may be on the machine during 


July 1938, Vol. 57 


Discussions 


Transactions 403 



these tests. Certainly the use of such a series winding does effect the 
field strength, and does vary as the load varies. On the other hand, 
I think it is quite possible to get inaccurate results when producing 
the same number of ampere turns in the shunt fields as the series 
field would produce under the conditions simulated. We have found 
in actual test that ampere turns from the shunt field do not produce 
the same resultant flux as ampere turns produced by the series field. 
The reason for this is no doubt due to the location of the shunt in 
series field on the pole and the differences in leakage resulting there¬ 
from. 

Mr. Siegfried very carefully points out the hysteresis effect that is 
noticeable and causes a different result when changing from a higher 
field current to a lower field current from that which is obtained 
when changing from a lower field current to a higher field current. 
I would like to add that on test floor we have also noticed what ap¬ 
pears to be a hysteresis effect from changing the armature current. 
This is particularly noticeable under weak field conditions, and is 
probably due to the distorting action of the armature on the main 
field. I would suggest that in making a test of this sort where ac¬ 
curacy is very essential, that the tester be warned always to change 
the armature current in the same direction just previous to making 
readings. 

Apparently from the results obtained by Mr. Siegfried the stray 
load loss is much greater at the high speed of an adjustable-speed 
motor where the high speed is obtained by weakening the field. 
From the curve shown it appears to be six or seven times as great 
as the full field low speed condition when operating at two and one- 
half times the low speed, and perhaps is ten to fifteen times as great 
on a four or five-to-one speed range operating at high speed. It is 
theoretically correct that we should get a much higher stray load loss 
at weak field and high speed than we should at full field and low 
speed. However, I would like to bring up for what it is worth, the 
fact that in making dynamometer tests, attempting to determine the 
difference in losses between those shown by the conventional method 
and the actual losses which are obtained in a machine, we have 
found that we could not establish any fixed rule for variation in the 
stray-load losses. The results were quite erratic, sometimes showing 
a greater stray-load loss at full field and low speed, sometimes 
showing a greater stray-load loss at the weakened field and highest 
speed, and sometimes showing a greater stray-load loss at some in- 
between value. These tests were made a year or more ago, and since 
the commutators were not treated in any way but were simply used 
in the condition existing at the time the tests were made, it is possible 
that the difference in commutator losses more than accounted for 
this erratic behavior. 

I note in Mr. Siegfried’s paper that he does not say anything re¬ 
garding the possibility of shaft current causing part of the stray-load 
loss. I would like to inquire as to whether, during his test, he found 
any evidence of shaft current existing. 

In closing, I would like to inquire as to whether Mr. Siegfried 
found any material difference in percentage of stray-load losses on 
larger machines than were present on smaller machines. In other 
words, is the present neglect of stray-load losses on smaller machines 
justified, or do the facts of the case show that this should be taken 
into account on smaller machines as well as on larger machines? 

R. E. Helknund (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): It is not at all surprising that close 
agreement on load losses has been obtained with the various methods 
discussed in the papers on this subject. Although the current and 
voltage conditions in the two machines on test differ to some extent 
with the simpler methods, the differences are not large enough to 
affect the results materially. It is nevertheless very gratifying to 
have the results of these careful investigations presented here, as any 
of the methods proposed can now be used with considerable confi¬ 
dence. . ; 

I am firmly convinced that most of the previous unsatisfactory 
results were due to variations caused by brush friction and perhaps, 
to a less extent, to variations in contact resistance. Since brush 
friction decreases with load and temperature, it may well be that in 
some machines the difference between brush friction at no load and 


at full load will be greater than the other load losses thus resulting 
in a negative value of load losses. A machine with a number of 
brushes, and having at the same time small armature distortion, well 
subdivided armature conductors, and good commutation, is likely to 
give such results. 

Professor Siegfried has eliminated the irregularities often caused 
by brush friction by using paraffin on the commutators. This of 
course, is entirely satisfactory when analyzing the load losses other 
than those caused by brush friction and contact resistance. It 
would be helpful, however, if he could continue his work and make 
tests with the commutator in normal condition, being careful to 
obtain stable operation and temperature conditions as applying to no 
load, and also similar tests under full load. Care would also have to 
be taken that other factors of influence, such as humidity, are kept 
reasonably constant. 

I was very much interested in the statement in the paper to the 
effect that current conduction between the brush and commutator 
through the paraffin film takes place because of carbon particles em¬ 
bedded in the film. In a previous discussion at last winter's conven¬ 
tion, I suggested the possibility of such embedded particles being a 
factor with the usual oxide film on the commutator even under nor¬ 
mal conditions. I am therefore wondering whether Professor Sieg¬ 
fried has any evidence supporting this theory, such as microscopic 
inspection for example. 

Victor Siegfried: The author is indeed gratified by the interest 
shown in this subject, as evidence by the amount and the character 
of the discussion. It is apparent that the matter of stray-load loss 
in d-c machines is by no means a closed issue, and that much remains 
to be learned concerning its variation with the factors upon which it 
depends. The author is fully aware that many of the points touched 
upon in this paper and in its companion by Professors Schilling and 
Koopman, and by the discussers, show the need for further investi¬ 
gation of particular factors affecting stray-load loss. It must be 
made clear, however, that the author is here concerned primarily 
with establishing methods for determining the loss, and only second¬ 
arily with investigating the nature of the loss, in so far as it affects the 
procedure of the tests. It is shown by these papers that the loss 
can be measured accurately by a convenient and simple method, and 
that it is no longer necessary or proper to adopt an arbitrary per¬ 
centage value to be assigned to it. 

In considering matters relating to stray-load loss, it is very im¬ 
portant that it be defined clearly. The definition given in the Test 
Code for D-C Machines is not sufficiently general, as it specifically 
mentions losses to be included, but does not allow for all factors 
which should be considered as a part of stray load loss. Stray-load 
loss is the difference between total losses as they occur under load 
conditions and the values of the individually known losses deter¬ 
mined separately from measurements made under no-load condi¬ 
tions. It is thus a residual loss which includes all variations of 
machine losses under load which cannot otherwise be accounted for 
by conventional methods. It is made up of numerous component 
losses which change in differing degrees with load, in such a way as to 
preclude establishing any one general law for it. 

The author is in complete agreement with Professor Morgan and 
Messrs. Franklin and Linville that the load-back test (without boost¬ 
ers) is the most practical and simplest method to be used. Although 
the two machines do operate thereby at different field currents, a 
division of the loss can be made, if the excitation is assumed to be 
represented by the average of the two machines, with reasonably 
accurate results over the normal range of excitations necessary for 
this test. For apportioning the loss between machines carrying 
different armature currents, the graphical separation method, de¬ 
vised^ by Mr. Narbutovskih and alluded to by Professor Morgan 

ko ino°/ gan and Narbutovskih ' Electrical Engineering, volume 
53, 1934 p age s ^°) was used in this paper. As Professors 
SchiJhng and Koopman show, the results agree with their method, 
w l involves the determination of the exponent of the function 
representing the total losses. It does not always follow that the 
exponent is constant over the entire range of currents in the ma¬ 
chines, so that this method suffers from the limitation that the ex- 
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ponent must be determined in the range for which the separation is 
desired. The difference in methods is principally that between 
graphical and analytical approaches, as both perform the same 
operations upon the function; the choice is thus largely one of per¬ 
sonal preference. 

Mr. Hellmund points out the possibility of a decrease in brush 
friction with increasing values of load, and also that negative values 
of stray load loss may thus be indicated in certain instances. Such 
results must be interpreted in the light of the general definition of 
the loss, and in no way be allowed to reflect on the validity of the test. 
It was with full appreciation of the extreme variability of brush 
performance that the expedient of paraffining the commutator was 
adopted in making these tests, and it must be admitted that the re¬ 
sults do not include any consideration of the possible decrease in this 
so-called constant no-load. loss. Such procedure was per miss ible 
under the Test Code definition of stray load loss, which did not allow 
for any such variation. The comparison of methods as presented 
in the paper, and the general relations of stray load loss to operating 
factors, are in no way rendered less valid by this procedure, but are in 
some measure enhanced by the removal of the one factor which 
might otherwise mask the true picture of the more important com¬ 
ponents. The author's mental concept of the mechanism of com¬ 
mutator-brush conduction apparently agrees with that of Mr. Hell¬ 
mund, although no effort has been made to substantiate it by micro¬ 
scopic examination of the paraffin film. The only evidence that can 
be offered is the blackening of the wax film either by carbon particles 
from the brushes or by carbonization of the paraffin itself. 

Messrs. Franklin and Linville have very capably pointed out the 
possible inaccuracies involved in making the separation of the total 
losses under load into known and stray-load losses whatever the 
method for determining them. Again the matter is one of definition, 
and final efficiencies should have correct values so long as the pro¬ 
cedure is consistent. They also state that it is well established that 
the brush-friction loss is sometimes reduced by half between no-load 
and full-load. While this is quite conceivable, it would be helpful to 
a fuller appreciation of the part played by brush friction in the total 
losses to have further investigation of this factor presented in pub¬ 
lished form. The available information on this point is quite 
limited, and it may be that what is considered as common knowledge 
among manufacturers is as yet unreported in a form to make it avail¬ 
able to independent investigators. The author here makes the plea 
that the manufacturers, whose designers are the ones to benefit most 
by the full discussion of this subject, themselves undertake and pub¬ 
lish the results of careful and open-minded investigations. The 
investigation of the known as well as the stray-load losses would 
certainly aid in bringing the whole consideration of d-c machine 
efficiencies up-to-date and in line with the growing importance of the 
d-c machine. 

The percentage values presented in the papers are not strictly in 
accordance with a general definition of stray load loss, in that they 
do not account for certain variations in “constant” losses which 
might work for the reduction of the total stray load loss. These 
“known” losses were subtracted from measured total losses exactly as 
they occurred at the time of the test. The values are at least con¬ 
sistent with the original Test Code definition, and form a valid basis 
for comparing machines within a certain size class. The author him¬ 
self would dislike to have these figures or any other figure so pre¬ 
sented used as an argument in favor of the one per cent rule. Any 
agreement of the measured stray load loss with this one percent 
figure must be taken as accidental, as the only satisfactory means of 
arriving at stray load loss is to measure it. 

It has been proposed from time to time that a measurement of 
stray-load loss might be had by determining the increase in power 
needed to drive the rotor of a machine when it is short-circuited and 
sufficient excitation applied to circulate full-load current in the 
armature. Curve E of figure 3 of the paper shows the trend as the 
excitation is reduced, with a stray load loss 50 per cent greater at 28 
per cent excitation than at normal excitation. Subsequent tests of 
the same machine by this short-circuit method show a loss of 300 
watts, or practically double that for normal operating conditions. 
The conclusion is inescapable that this method has no place in the 
array of possible methods for determining stray-load loss. 


This discussion does bring out the need for a more complete treat¬ 
ment of stray-load loss in the Proposed Test Code, so as to make the 
definitions general and correct, and also to specify rather definitely 
what procedures are to be followed in determining stray-load loss by 
measurement. 

The discussion offered by Mr. Miller is very much appreciated, as 
it amplifies some points given only brief mention in the paper. The 
wide variability in performance of the commutator is easily demon¬ 
strated by almost any operation that is performed upon it, or by any 
conditions to which it is subjected. The continual fluctuation of 
armature current under no-load conditions is indicative of this 
variation, and sanding of the commutator produces notable and 
long-lasting increases in loss, with accompanying heating effects. 
Likewise, paraffining produces a marked decrease in loss, and it was 
observed in some instances that the total rotational loss was de¬ 
creased by as much as 20 per cent. This represents a considerable 
decrease in actual power for any machine, and the cooler operation 
of the commutator at no-load was very apparent. The paper by 
Doctor Glass, which was not available at the time of writing the 
paper, is a very fine treatment of the subject and is worthy of con¬ 
siderable study. 

As to the terminal-to-terminal drop, it was not stated just how 
this was obtained, and the conclusion that it was measured while 
stationary is not surprising. However, the armature was actually 
rotated slowly by hand so as to procure average sliding contact con¬ 
ditions. It has been the author’s experience that this represents the 
running contact conditions with sufficient accuracy that it is far 
preferable to measuring the contact drop at full speed. Although 
this is not in accordance with code provisions, the intent was to 
measure the drops as they actually occurred at the time of the test, 
so as to measure the actual stray-load loss. 

The series winding was left out for purposes of the comparative 
tests for loss with different methods where the armature current 
conditions could not possibly be duplicated, but the commutating 
winding was included at all times. This established the magnetiza¬ 
tion as being entirely from an independent source and not dependent 
on the variable armature currents. That the ampere-turns of 
shunt and series fields are not of equal effect in producing flux is open 
to little question. It may be possible that, once the validity of the 
test method has been established, the series winding should be left 
in so as to give its full effect as under operating conditions. It is in¬ 
teresting to note that this will require reversing the series coil on the 
machine which serves as the generator of load-back couplet. 

The experience with regard to hysteresis effect when changing 
armature current is well included at this point. It was mentioned 
briefly in the paper that this same effect was present in the machines 
tested, particularly when the low excitation run was made. It is felt 
that the effect is of minor importance at normal saturations of the 
machine, but is well worth keeping in mind as it explains some 
manipulative difficulties that are otherwise surprising. As to shaft 
currents, no attempt was made to determine the presence of shaft 
currents, or in general to separate out the relatively smaller com¬ 
ponents of the stray-load loss. The size of the machines tested 
seems wholly unrelated to the amount of the loss measured, and it is 
the author’s feeling that even on small machines, where efficiency 
guarantees are of any importance at all, some tests must be made to 
measure the actual value of that loss. 

A detail of test procedure has been questioned by Professors 
Schilling and Koopman, and it is sufficient to say that both first and 
last readings of no-load loss were taken in accordance with standard 
procedure, the duplication being made to be certain of no major 
change in rotational loss during the test. Any difference of minor 
order was either prorated according to the time elapsed, or taken as 
an average of the two readings. 

The author is very glad to have the discussion from Mr. Hughes, 
of Brighton, England, He raises a question on a point which is 
often forgotten in the consideration of stray-load loss; namely, the 
original source of what is included in this rather comprehensive term. 
Certainly a sizeable portion of the stray-load loss is due to a change 
in the total iron loss of the machine with the increase in load current. 
It does not seem possible, however, to relate the stray iron loss to flux 
conditions when it is practically impossible to separate the loss into 
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the many components which of necessity are included in it. The 
test suggested by Mr. Hughes is one which would appear to have 
some promise for getting at the iron loss component, provided the 
machine in which one is interested has a compensating winding. 
The analytical expression for total iron loss should be helpful in con¬ 
sidering the problem from this rather fresh point of view. 

Too often the original source of the approximate methods of deal¬ 
ing with anything become so obscure that the very obscurity tends 
to strengthen the belief that those methods are exact, and it remains 
for one from afar to break down the time-honored accep tan ce. It is 
this desire, academic though it may be, to bring a fresh consideration 
of the stray-load loss to the d-c machine which prompted the author 
to undertake this work originally, and it is his hope that further 
progress can be made until the accurate treatment of the d-c ma¬ 
chine is as well established as that for any other, particularly in view 
of the present major trend to d-c machines for large mill drives where 
certain inherent characteristics make them indispensable. 


obtained oscillograms of the open-phase potential when a line-to-line 
short circuit occurs on a three-phase generator delivering a con- 
densive load. As a generator he used a wound-rotor induction 
motor having a leakage coefficient of 0.046, and consequently the 
ratio Xg/x/ was about 20. For this reason Brosens obtained a much 
higher open-circuit potential than Mr. Wagner. Brosens noted a 
peak potential of about 18 times normal peak line-to-line potential. 
By applying the simplified theory proposed by Boucherot in 1911 
which neglects resistance and is consequently similar to the "con¬ 
stant flux linkage" theory of Doherty, Brosens checked the peak 
values of potential within about 10 or 16 per cent. He made no 
analysis of wave form. A brief report of Brosen's work was sent to 
a few operating companies calling their attention to the possible 
danger of overpotentials with these conditions of operation. Ap¬ 
parently at that time the results were considered of only theoretical 
importance, and so far as I know no attention was paid to the 
warning. 


Unsymmetrical Short Circuits on Water-Wheel 
Generators Under Capacitive Loading 

Discussion and author's closure of a paper by C. F. Wagner published on 
pages 1385-95 of volume 56, 1937, AIEE TRANSACTIONS (No¬ 
vember 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the electrical machinery session of the winter con- 
vention. New York, N. Y., January 27,1938. 


runoamemauy me excessive steady-state potential on the open 
phase is due to the difference in the transient reactances in the two 
axes. Even with a salient-pole machine it is theoretically possible 
to have a damper winding for which these reactances are equal. 


C. Concordia (General Electric Company, Schenectady, N. Y.): 
Th f e ,f e two Points which should be brought out in connection 
with this paper. First, because of the test method, i. e., the applica¬ 
tion of the capacitor or reactor load at the moment of short circuit 
the transients are different from those associated with an actual 
fault on a system in which the capacitance or other load is continu¬ 
ously in the circuit. Also, due to generator regulation, even the 
steady state overvoltages observed are not the same as those ob¬ 
tained with similar permanent loads, the apparent overvoltages being 
high for capacitance load and low for inductance load. Near the 
point of third-harmonic resonance this difference may be about 30 
per cent, but can of course easily be corrected by calculation. In 

^l:!*^**™™’** tCSt overvoltages are undoubtedly 
qualitatively the same as those which would have been obtained in 

tests simulating more exactly the condition of an actual fault 
Second, it should be emphasized that the ratio *//*"„, upon which 
the overvoltages due to line-to-line faults largely depend, is not 
simply dependent upon whether or not the amortisseur end rings are 
connected between poles, as might be inferred from the paper In 

the .machine used , m Mr - Wagner's tests, an unconnected damper 

wnndmg gave a relatively large ratio, but as the machine size, in 
particular the relative axial length, Is increased the difference be- 

smX^^S I** damper w “ding S becomes 

f Iow - speed water-wheel generators, un- 

connected damper windings may be much more effective than 
would be indicated by tests on a small machine. Moreover the 
amortisseur design may have considerable effect on the ratio a//*/ 
aside from the connection between poles. Finally, the many otht 

^ °y erV0lt ^?. es b y Unbalanced Short Circuits” 

(Effect of Amortisseur Windings), by Edith Clarke, C. N Wev- 

rev^l“ ] ° f am ° rtiSSeUr ™dings should be considered 

Because of these factors, the electrical performance characteristics 
o an amortisseur can be more accurately described in terms of the 


nJ- LyMl (Massachusetts Institute of Technology, Cambridge) - 
Ttas comprehensive analysis of Mr. Wagner's is particularly SSL 
ig o me. In 1926 Rene Brosens working under my direction 
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C. F. Wagner: Mr. Concordia is quite right in his point that the 
transients resulting by suddenly applying a short circuit across two 
terminals and a capacitor across the sound phase simultaneously will 
give a transient different than if the machine had been loaded before 
the appHcation of the short circuit. I had made tests (see figure 11) 
with the capacitor connected before this short circuit and had come 
to the conclusion, however, that the difference is rather small. The 
general question of the effect of load regulation is discussed to some 
extent in my paper. It likewise will make a difference. As a matter 
of fact it is possible to enumerate a host of factors that make a 
greater difference (and a much greater difference) than the factors of 
whether this capacitor had been connected before the fault or 
whether the regulation had been included properly. In practice it 
rarely occurs that the ideal conditions of an unloaded line to which a 
short circuit is applied are satisfied. Usually the machine under 
consideration is feeding power over a line to the end of which other 
syn onous machines are connected. These machines will usually 
have a damper winding or its equivalent. Upon the inception of an 
unbalanced fault, abnormally high voltages may be produced but if 
the breaker at the receiving end of the line opens first, then a condi- 
on is satisfied under which much higher voltages may be produced, 
u in e ansition to this, the important condition, note that an 
mtermediate circuit condition was passed through. The transients 

nrTI-.v\ 0f this final circuit condition would in all 

ent “ d J different than if a similar unbalanced fault was 

“ 11 — 

ciS nCOrd r al r° MeiS that maay of these conditions can be 
easdy - rt must be remembered that the resonance 

-l lmp ° rtant points - But i0T this condition the 
am^ture resistance .s very important in determining the maximum 

vow; ±?t h ° d ^ Which wiU P^dict the maximum 
Further in Capabe of mtroducin S the effect of resistance. 

a knowIedge of these resistances it is m- 
^ei£no the .r dfflum voItages - As shown in my paper 

frCquenCy aad w bile these data were 
should annTv f ^hout damper windings a similar relation 

current TOth dam P er windings. In this case the 

affect the re ^tween bars and within the bars will vary and 

elude this ZZ A quantitative analysis should therefore in- 

points. A comn quantlt rr ly and must appl y tor the resonance 
some iJj-. f ... Pa I 1SOn ° { figures 13 ( b ) and (c) of my paper gives 
Wi^Tezlrd rf ^ d arMat nre resistance near a resonance point, 
might be taken f Concordia’s second point that the inference 
r ^ P t P6r that the efFect of damper windings is 
rnot y co “TT UPOn , Whether 5* damper wi °ding is connected 
the end of mv d’i to call his attention to my statement near 
“In Zv tZl d ‘ SCUS 0 ? n ? f this object (page 1391) which reads: ■ 
figures 8d and 8* show that dangerously high voltages 
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can be attained with, this kind of damper unless precautions are 
taken to insure that the ratio *//*/ is made more nearly equal to 
unity.” With nonconnected windings much can be done by properly 
locating the end bars to reduce this ratio considerably. 

But after all most of these points are more of academic than of 
practical importance. The analysis of this subject either by the 
method presented by Clarke, Weygandt, and Concordia or by the 
method presented by myself indicates that the general factors affect¬ 
ing the problem are pretty well understood. The practical solution 
appears to be to install non-connected damper windings with as low 
values of *//#/ as is practical to obtain. 

Professor Lyon’s discussion is very interesting. It is unfortunate 
that Brosens did not extend his analysis at the time to salient-pole 
machines. It is quite probable that his theories in this case would 
have received a more favorable reception. 


Stray-Load Losses 
of D-C Machines 

Discussion and authors' closure of a paper by E. W. Schilling and R. W. 
Koopman published on pages 1487-91 of volume 56, 1937, AIEE 
TRANSACTIONS (December 1937 issue of ELECTRICAL ENGI¬ 
NEERING) and presented for oral discussion at the electrical machinery 
session of the winter convention, New York, N. Y., January 27,1938. 

R. F. Franklin and T. M. Linville: For discussion, see page 401. 

T. H. Morgan: For discussion, see page 403, 


R. E. Hellmund: For discussion, see page 404. 


horsepower, and the commutating-pole windings were connected 
in the usual manner. The series fields, however, were not used. 

The writers are greatly pleased by the interest in this paper shown 
by engineers of the larger manufacturing companies. Messrs. 
Hellmund, Franklin, and Linville point out that brush friction 
changes between no load and full load. In order to measure bearing 
and brush friction at conditions as near to actual load conditions as 
possible the machines were run until constant temperatures were 
reached before loss measurements were made, and friction loss was 
measured at no load immediately thereafter. Thus brush friction 
was measured at very nearly the same temperature, commutator 
surface conditions, and humidity as prevailed under load. As to 
the question of reduction in brush friction due to increase in current 
which is raised by Messrs. Franklin and Linville we have no data; 
however, it is evident that the change was not great enough to cause 
the low values of load-loss to swing negative. The writers admit 
that it is hard to determine accurately the brush-drop loss; however, 
the values obtained at rated current checked closely the conventional 
two volts. At any rate, by making allowance for increase in brush 
drop with increase in current, more accurate data for stray-load-loss 
were obtained than would have been obtained had the conventional 
value been used. 

If armature PR loss had been calculated at the conventional tem¬ 
perature of 75 degrees centigrade and brush drop taken as two volts, 
some of the lower values for stray-load-loss would have certainly 
been negative* This would have been logical procedure had one 
definition of load loss been adopted; however, the writers attempted 
to adhere to the definition for stray losses given in the table under 
paragraph 2.105 of American Standards for Rotating Electrical 
Machinery, C50. 

The writers do not feel that they have presented adequate data to 
question the magnitude of the present percentage taken for stray¬ 
load loss, but they do believe that they have presented sufficient 
evidence to show that the use of a constant factor for all conditions 
of speed and field is quite inadequate. 


Victor Siegfried (Worcester Polytechnic Institute, Worcester, 
Mass.): This paper is a valuable contribution in that it gives further 
proof of the need for a renewed consideration of the matter of stray 
load loss in d-c machines. The fact that a test method for deter¬ 
mining these losses is available in which confidence can be placed is 
demonstrated by the results that Schilling and Koopman present. 
The writer is in whole-hearted agreement with then conclusion that 
the loss must be measured rather than assumed to have some arbi¬ 
trary percentage value. 

The authors do not state the ratings of the machines used, nor 
whether series or commutating windings were in use during the tests. 
This information would be helpful in interpreting their results. As¬ 
suming, however, that the machines are rated at HO volts, and tak¬ 
ing rated current as 16.85 amperes, it would appear that rated full¬ 
load input is 1,854 watts. Reading from curve B of figure 10, a 
value for stray load loss of 35.5 watts per machine, the loss is thus 
1.91 per cent of full load input. Such a figure shows that the loss 
is one which cannot be neglected even for small machines, and that 
the one per cent rule of the Standards is wholly inadequate to take 
account of this loss. 

Schilling and Koopman are to be congratulated on the consistency 
of points on the curves presented in the paper. This shows careful 
work in the conduct of the tests, and further demonstrates that 
stray-load loss is actually measurable. Too long has the feeling 
been expressed that stray-load loss is not measurable. Their paper 
does present one method for determining it with results checked by 
an independent method, as shown in their figure 7. The experience 
of this writer is much the same—that stray-load loss can be meas¬ 
ured, that consistent results are obtainable, and that independent 
methods give practically identical results. 

E. W. Schilling and R. W. Koopman: In his discussion Professor 
Siegfried raises the questions of rating, and connection of the series 
and commutating-pole windings. The machines were rated two 
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Switching Surges With 
Transformer Load-Ratio Control Contactors 

Discussion of a paper by L. F. Blume and L. V. Bewley published on 
pages 1464-75 of volume 56, 1937, AIEE TRANSACTIONS (De¬ 
cember 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the power transmission session of the winter 
convention. New York, N. Y., January 27,1938. 

R. C. Van Sickle (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): The data presented in this paper are 
of interest to those concerned with switching surges in general, as 
mentioned by the authors, so a few remarks on their relation to other 
available circuit-breaker data are pertinent. It is particularly 
necessary to point out that although the phenomena in high-voltage 
circuit breakers are similar to that presented here, the magnitudes 
are much different and in particular the voltage surges are much 
smaller. 

The load-ratio control switches were tested on power sources of 
1,000 volts, 20 amperes alternating current and 125 volts, 25 amperes 
direct current. The speed of opening was relatively fast and cur¬ 
rents of 15 amperes were unstable and extinguished without waiting 
for the normal current zero. The overvoltages produced by them 
were enormous. By the interruption of direct currents, overvoltages 
of 67 times normal were encountered and of alternating currents over¬ 
voltages of 18 times normal. Such voltages on high-voltage lines 
would be disastrous so it is fortunate that certain limiting influences 
exist. 

The maximum dielectric strength between contacts of a high-volt¬ 
age breaker is relatively less than that of contactors. Moreover the 
increase in the gap between contacts during the period of current 
zero is also relatively smaller. Consequently, if the arc is interrupted 
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before a normal current zero, by one of the usual forms of high-volt¬ 
age circuit breakers, the maximum voltage which can be produced is 
limited by the dielectric strength of the arc path to a magnitude 
which does not damage other apparatus. A paper “Breaker Per¬ 
formance Studies by Cathode Ray Oscillograms” presented before 
the Institute in 1935 1 contains an illustration, figure 4, which shows 
an excellent example of this voltage phenomena which occurred dur¬ 
ing the interruption of 20-kv, six amperes by a high-voltage breaker. 
The arc was unstable and restruck about 30 times before a current 
zero. However, the contacts had not separated sufficiently to en¬ 
able the breaker to withstand the recovery voltage at this current 
zero so the arc restruck and continued as an unstable restriking arc 
until the next current zero. During this time the current flowed 
through the breaker as a series of impulses with a time interval be¬ 
tween them less than 0.0001 second. On the magnetic oscillogram it 
looks like a normal half-cycle of current during an arcing period. 
Even with this extremely unstable arc, the maximum overvoltage 
produced by the circuit breaker was about ten per cent of the normal 
crest value of voltage. 

The effect of having a relatively higher dielectric strength is shown 
in figure 6 of the same paper. It is a cathode-ray oscillogram of the 
interruption of a 70-kv 20-ampere circuit by an experimental 287-kv 
high-speed breaker. In this case, the arc is unstable for approxi¬ 
mately two-thirds of a cycle but due to asymmetry of the current two 
normal current zeros occur in this period and the arc restrikes after 
the first one. The rapid speed of operation and high dielectric 
strength of the breaker produce overvoltages approximately 3.5 times 
the normal peak of the 70 kv applied. However, a pole of a 287-kv 
breaker must open 87 per cent of 287 kv which is a voltage having a 
crest value equal to the overvoltages obtained on this test. 

The paper by Attwood, Dow and Krausnick on “Reignition of 
Metallic A-C Arcs in Air” presented before the Institute in 1931 s 
contains similar material and was based on arcs in low-voltage cir¬ 
cuits. However, the overvoltages obtained were not as high as those 
given in this paper because the arcs were produced between station¬ 
ary copper plates eight inches square and three-fourths inch apart. 
Some of these arcs became unstable and extinguished before the nor¬ 
mal current zero. However, the arc terminals were not being sepa¬ 
rated rapidly and consequently the maximum voltages produced by 
the current rupture were limited to about the normal crest voltage 
either by a glow discharge or by a complete dielectric breakdown be¬ 
tween electrodes. On the basis of the oscillograms in these papers it 
is reasonably safe to conclude that unstable arcs in high-voltage cir¬ 
cuit breakers do not produce as great overvoltages as are shown in 
the paper under discussion and that they probably are limited to 
considerably less than twice the normal voltage crest. 

The maximum value of the current at which the arc becomes un¬ 
stable is given as five amperes for the a-c tests. This is higher than 
the 0.6 amperes for the arcs between stationary copper plates where 
conditions were less favorable for arc extinction. However, in the 
70-kv 20-ampere circuit previously referred to, where conditions 
were more favorable for arc extinction, the arc was unstable through 
the small loop of an asymmetrical wave during which the magnetic 
oscillogram indicated a smooth loop with a crest value of 19.2 am¬ 
peres. 

The interruption of a 44-kv 330-ampere short circuit with the cur¬ 
rent becoming unstable at 11 amperes is shown in a paper, “Arc Ex¬ 
tinction Phenomena in High Voltage Circuit Breakers” presented 
before the Institute in 1933, figure 6. 3 These data indicate that the 
current at which the arc can suddently extinguish is a function of the 
effectiveness of the deionizing activity and the rate of current de¬ 
crease. 

The maximum value of direct current at which the arc extinguished 
abruptly is given as 15 amperes on page 1464 and as 20 amperes on 
page 1470. 

The reported erratic recovery of dielectric strength may be due in 
part to the interpretation of the data. It was assumed, as given in 
the conclusion, that “Restriking was so abrupt as to be practically 
instantaneous and was followed by an immediate dielectric re¬ 
covery.” The discharge of a current through the arc space during 
a restrike requires the ionization of the arc path and, although the 
dielectric strength of the path does not fall to zero, it must be ap¬ 
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preciably reduced. The magnitude of the ionization is indicated by 
the oscillograms which show that these restrikes pass the equivalent 
of a steady current of several amperes. Consequently, the assump¬ 
tion that the envelope of the restriking voltage is the curve of dielec¬ 
tric recovery against time and that it gives the dielectric strength at 
any instant is not justified. The first figure' referred to in this dis¬ 
cussion illustrates this point also. The recovery voltage builds up 
to about 25 per cent of the normal voltage crest following the rela¬ 
tively long deionizing period at the first current zero. (At the left of 
the oscillogram.) After the restrike, the value of voltage at which 
the arc restrikes is only about eight per cent of the normal voltage 
crest. The ionization produced by the restrike has definitely reduced 
the dielectric strength. 

The curve of the recovery of dielectric strength as a function of 
time should be a broken curve with an abrupt drop at each restrike 
and with the following rise indicating the recovery. However, due 
to the various factors controlling the deionization, the recovery will 
still be erratic but not in the manner indicated in this paper. 
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D. C. Prince (General Electric Company, Philadelphia, Pa,): The 
investigations and data obtained by these authors disclose some 
very interesting phenomena applicable to currents and voltages of 
the order of magnitude of load ratio control, the field in which they 
have worked. In endeavoring to extend the reasoning to other 
fields, particularly the circuit-breaker field, a certain amount of 
caution must be observed. Arc phenomena of the. nature of those 
which they are investigating in general are very different if the scale 
is changed. It is therefore not in general safe to assume that over¬ 
voltages would be multiplied by the same amount if different current 
values were used, or that they would be multiplied by the same 
amount if different voltage values were used. 

For both higher currents and voltages, circuit-breaker experience 
over a considerable period of years shows that overvoltages, where 
they occur, are of relatively small magnitude. In the range covered 
by the authors however these phenomena are very interesting and 
have counterparts in other fields such as mercury-arc-rectifier arc 
backs, etc. 


R. D. Evans and A. C.. Monteith (Westinghouse Electric and Manu¬ 
facturing Company, East Pittsburgh, Pa.): It is significant that 
three of the papers presented at this session deal with switching 
transients. This is indicative of an increasing interest in the prob¬ 
lem not only from the theoretical point of view but particularly 
from the practical standpoint because of problems actually en¬ 
countered in the operation of power systems. It should, however, 
be clearly recognized that the paper by Messrs. Blume and Bewley 
deals with a very special type of transient problem. These remarks 
are not to be construed as a criticism of the paper because the 
authors have indicated this fact in the title and have stated it in 
the early part of their paper. 

Concerning the authors’ investigation, we would like to comment 
on certain specific points. In reviewing the paper we find no men¬ 
tion of the characteristics of the source, a factor which we believe 
to be of importance. If the abrupt forcing of current zero takes 
place there will be an oscillation on the source side as well as on the 
load side of the circuit-interrupting device and the voltage appearing 
across the device will be the vector sum of the oscillating voltages 
appearing oh both sides. 

The authors have divided the recovery voltage problem into three 
parts: first, the normal-frequency component; second, the high- 
frequency component dependent on the capacitor voltage; and, 
third, the high-frequency component depending on the reactor 
current. Our paper “The Determination of Recovery Voltage by 
Analytical and A-C Calculating Board Methods,” presented at the 
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1937 summer convention, dealt with this case and the results for 
interruption at other than current zero were discussed in connection 
with figure 25 of that paper. In considering these factors it is be¬ 
lieved that the third is only of importance in dealing with relatively 
low current values, such as discussed by the authors. In a normal 
power circuit with typical values of fault current, it is believed the 
third factor becomes less significant, especially on the higher-voltage 
circuits. 

The authors have inferred the same "dielectric-recovery curve” 
whether there is or is not restriking. The shape of the dielectric- 
recovery curve will be materially modified when restriking takes 
place and the shape will be dependent upon the number of restrikes. 
In high-voltage circuit breakers it will depend on the contact sepa¬ 
ration. Therefore, the phenomenon is not as simple as indicated in 
figures 6, 7, and 8, 

Production of high-frequency transients on a large scale is not to 
be expected on power systems with conventional types of current 
interrupters from the factor of the forcing of the current zero as 
described by Blume and Bewley. Instead, it is our opinion that 
such voltage, if encountered, will be due to the successive re-estab¬ 
lishment of the arc path at such intervals as to produce cumulative 
oscillations. In this connection it should be pointed out that the 
process of producing cumulative oscillations requires certain rather 
definite relations between the system recovery-voltage time curves 
and the insulation recovery-time curves to make it possible. If the 
shapes of these curves differ from that which is required, the oscilla¬ 
tions do not become cumulative and the voltages will be limited to 
about the value corresponding to a simple arc suppression or to 
that of one restrike. It is because of this difficulty in setting up 
the essential conditions for cumulative oscillations that has made 
their probability so small that they are rarely encountered. 

Summarizing, it is our opinion that if high voltages due to switch¬ 
ing transients on main power circuits are to be encountered they will 
take place principally through the mechanism of restriking just 
described. Furthermore, the mechanism of producing overvoltages 
by the sudden forcing of current zero appears to be a factor of small 
importance on high-voltage apparatus and circuits but of increasing 
importance as the voltage is reduced until it becomes a major factor 
in the special type of problems to which the authors have limited 
their investigation. 

J. D. Cobine (Harvard Graduate School of Engineering, Cambridge, 
Mass.): The authors are to be commended for their instructive 
presentation of the nature of the voltage appearing across an im¬ 
pedance when its current is interrupted by a switch. 

The curves of figures 6 and 7 assume that the duration of current 
subsequent to a restrike is zero and there is no change in the dielectric 
recovery curve, while the oscillograms of figures 9, 10, and 11 show 
that the voltage falls at approximately a uniform rate for a measur¬ 
able interval of time during which current is apparently flowing. 
Now if an arc current flows after restrike the dielectric strength of 
the gap has obviously been reduced to a low value and an entirely 
new dielectric recovery curve must be plotted starting from the time 
the new current flow is interrupted. Thus in figures 6 and 7 a new 
dielectric recovery curve must be drawn for each restrike. These 
dielectric recovery curves will be" different from the first because of 
two important factors, namely, the current of the new arc will have 
changed and the length of the gap at the time of its interruption is 
different. The new arc current will be less than the old and therefore 
the dielectric recovery will increase at a more rapid rate than before. 
Lengthening of the gap will also raise the recovery voltage curve. 
Of course, if the restrike current is very small and of short duration 
there will be little change in dielectric recovery. It would be of 
great value if the authors could give some values of current that are 
typical of the restrikes presented. 

The shapes of the experimental curves of dielectric recovery, figure 
11, are quite interesting, but somewhat obscure as to details. What 
is the difference between the several curves for the same shunt ca¬ 
pacitance? W r as the initially interrupted current the same in each 
case? If so, what was its value? 

It may be that the erratic behavior of the restriking voltage of the 


switch is due to the presence on the contacts of impurities having low 
work-functions. These impurities would also be vaporized into the 
arc column and by their low ionization potentials lower the reigni- 
tion potential. Some research of the writer (Electrical Engineer¬ 
ing, volume 53, 1934, page 1081) has brought out the marked effect 
of impurities in lowering the reignition voltage of a short arc. Small 
amounts of these impurities were found to produce random varia¬ 
tions in the reignition voltage. It is obviousely very difficult to 
have a commercial device free of impurities so that the switch was 
probably thoroughly contaminated. 

Protection Features for the 
Joint Use of Wood Poles 

Discussion and authors 1 closure of a paper by J. O’R. Coleman and 
A. H. Schirmer published on pages 131-40 of this volume (March 
section) and presented for oral discussion at the power transmission 
session of the winter convention. New York, N. Y., January 27, 1938. 

Sidney Withington (New York, New Haven and Hartford Railroad 
Company, New Haven, Conn.): This paper indicates the great 
advantage of broad-minded co-operation between power companies 
and communication interests, permitting the solution on a purely 
rational and engineering basis of problems which may be of some¬ 
what controversial nature. Both classes of utilities, the electrical 
engineering profession, and the public generally are to be congratu¬ 
lated on such co-operation. 

The public utilities commission of the State of Connecticut, 1922, 
stimulated among the utilities in the state the compilation of rules 
and specifications governing joint wood-pole-line construction carry¬ 
ing power circuits of more than 5,000 volts, and communication cir¬ 
cuits. These rules provided for construction on a basis mutually 
agreeable to all interests concerned and saved both power companies 
and communication companies a very considerable amount of money 
in duplicate construction, which would have been necessary if each 
class of public-service companies had been obliged to construct its 
pole lines independently of the other. That was one of the earliest 
instances of such joint action among the utilities interested, and was 
a notable example of successful co-operative effort in the solution on 
a rational basis, of problems which might otherwise have continued 
to be troublesome and expensive to all concerned. It is indeed a 
source of gratification that such co-operation is being continued. 


H. A ’ Dambly (Philadelphia Electric Company, Philadelphia, Pa.): 
This paper marks an important advance in the co-ordination of 
electric power and telephone systems. It was early recognized that 
for two services which so generally supply the same customers, 
design based on keeping the two systems widely separated was not 
practical in the long run, and that any solution which did not permit 
both systems to occupy the same general area and the same streets 
and highways was unsound from the long point of view. Joint use 
as compared to separate lines for many situations is a further step in 
the recognition of this principle. Further, the advantages of joint 
use which have been conclusively demonstrated over many years in 
the lower voltage field clearly indicated the necessity for developing 
means to permit similar operation at the higher voltages. This 
paper presents a much needed answer to these situations. 

The paper is particularly timely in view of the rapidly increasing 
demands for electric service which in turn have brought many com¬ 
panies face to face with the problem of raising primary distribution 
voltages in order to meet these demands. Many of these systems 
are now operating on a joint use basis at 5,000 volts or less, and the 
necessary pole plant investment to accommodate both systems has 
been made. Under these conditions the need for suitable design fea¬ 
tures which will permit continuance of satisfactory joint operation 
at the higher voltages is evident. 

By co-operative arrangement between the operating companies 


July 1938, Vol. 57 


Discussions 


Transactions 409 



involved and the joint subcommittee on development and research 
of the Edison Electric Institute and the Bell System, the protective 
features outlined in this paper have already been worked out for a 
number of specific situations throughout the country, and it is be¬ 
lieved that reasonable solutions can be reached in any specific situa¬ 
tion. 

In discussing separate lines versus joint lines, the statement is 
made that in rural and thinly settled areas it has been generally prac¬ 
ticable and desirable to construct separate lines. It is recognized 
that types of construction widely different from normal span lengths 
may affect economies. However, it seems to me that in these areas 
one of the principal advantages of joint use, namely, the saving in 
avoided investment in poles with consequent saving in annual charges 
may be obtainable, particularly if planning is done on a broad for¬ 
ward-looking basis. Economies are needed to minimiTP the cost of 
both services to these rural customers. While the application of the 
protective measures in these areas involves somewhat different prob¬ 
lems than in suburban and urban areas, the methods outlined in the 
paper should be applicable in these rural areas. 


A. H. Schirmer: No one will question Mr. Datnbly’s statement that 
every reasonable economy should be practiced to minimize the cost 
of power and telephone service to rural customers. However, 
experience to date in studying specific situations, particularly those 
involving the long-span type of construction which has recently been 
used by most power companies in rural areas, indicates that, in gen- 
eral, there is no economy in joint use of lines in such areas, even from 
the structural standpoint alone. In other words, rural telephone 
lines on separate poles can, in general, be maintained at an annual 
charge less than the yearly cost of placing such circuits on jointly 
used poles. Furthermore, the inductive co-ordination problem in 
rural areas is frequently a difficult one even where separate power and 
telephone lines are used, and this difficulty may be definitely in¬ 
creased where both the power and telephone circuits are on common 
poles. 

Lightning Strength of Wood 
in Power Transmission Structures 

Discussion and authors* closure of a paper by Philip Spom and J. T. 
Lusignan, Jr., presented at the power transmission session of the winter 
convention. New York, N. Y., January 27, 1938, and published on 
pages 91-101 of this volume (February section). 

F. E. Andrews (Public Service Company of Northern Illinois, 
Chicago, Ill.): It is desired to emphasize conclusion 8 in the paper 
to the effect that the data presented add greatly to the knowledge 
of the impulse insulating property of wood in transmission struc¬ 
tures. This paper appears to provide a basis very much more 
satisfactory than any information heretofore available on the 
design of wood-pole transmission and line structures to withstand 
impulse voltages. 

This discussion is presented from the point of view of operating 
experience of 33-kv wood-pole transmission lines, using pin-type in¬ 
sulators without ground wire, with nine feet of wood between phases 
and the equivalent in insulating value from line to ground of 800 to 
1,000 kv minimum on the basis of information in the paper (from 
figure 12). This operating experience indicates very greatly im¬ 
proved operation, that is, reduction in line tripouts, with this con¬ 
struction in comparison with conventional construction, that is, 
construction using steel crossarm braces and without impulse insula¬ 
tion in the guys. 

Many cases have been noted where lightning has discharged over 
a structure without power follow or line interruption, the location of 
such cases being indicated by splinters on the poles or crossarms. 
In the cases where power follow has caused tripouts this has usually 
been found to be due to an arc between phases and in a number of 
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instances, as indicated by burns on the conductor, this has taken 
place through air in the span away from the pole with minimum 
phase to phase distance of 7-3 feet. This experience indicates that 
there is no practical spacing with 33-kv single-pole construction at 
which power follow will not occasionally occur, although the wide 
spacing appears to materially decrease the susceptibility to power 
follow by comparison with results obtained with conventional con¬ 
struction. 

In order* to have a complete answer to the problem of lightning 
interruptions to lines of this type so that performance can be defi¬ 
nitely estimated or predicted, it seems necessary to obtain in ad¬ 
dition to lightning flashover data of the character covered by this 
paper, data on factors influencing power follow. It is believed that 
data showing the effect of the variables which govern the tendency 
for power to follow and maintain an arc after lightning flashover are 
quite necessary if best use is to be made of the lightning strength 
data in the present paper. 

The use of the data on impulse strength of wood and porcelain 
to provide maximum resistance to lightning flashover within the 
dimensional limits of practical construction when combined with 
information on expectancy of power follow when lightning flashover 
does occur, should greatly increase the practical value of the data 
given us in this paper. It is to be hoped that the authors will con¬ 
tinue their work to cover the problem of power follow. 


P. B. Stewart (Cincinnati Gas & Electric Company, Cincinnati, 
Ohio): We have reviewed this article with a great deal of interest. 
We note in particular the reference to the reduced insulating proper¬ 
ties due to moisture retained in wood poles. 

Several years ago we made a study of the electrical resistance of 
wood poles. This work was covered in an article prepared for the 
American Wood Preservers* Association and can be found in their 
proceedings for the year 1936. In this study we found that the 
conductivity of wood varied with the moisture content. In most 
cases creosoted pine poles had lower resistance than cedar poles. 
This, however, was due to lack of proper seasoning. 

It may be that there is a definite relation between the electrical 
resistance of wood and the impulse insulation strength of wood. 
This relation might hold true either above or below the fiber satura¬ 
tion point of the wood. In our study we found that a variation of 
moisture content above the fiber saturation point of wood had little 
effect on the electrical resistance. After the material had been 
seasoned below the fiber saturation point, a small variation in the 
moisture content had considerable effect on the electrical resistance. 

Wood is a product of nature and has many variations. For this 
reason it is very difficult to determine accurate values from labora¬ 
tory studies unless a very large number of tests are made. It is also 
very difficult to assimilate natural rain conditions due to the slow 
absorbing qualities of wood. 

This article will be of great value in the design of wood-pole trans¬ 
mission lines. 


L. G. Smith (Consolidated Gas Electric Light and Power Company 
of Baltimore, Md.): A paper of this nature is quite valuable to 
those designing transmission and distribution lines, since wood is 
of considerable benefit as insulation in raising the impulse flash over 
values. The formulation of these data so that they may be used as 
design information is of particular importance. It is frequently de¬ 
sirable to calculate the impulse level of new designs of lines in ad¬ 
vance of their installation as otherwise wood insulation may be used 
wastefully and balanced designs not obtained. Moreover it is 
undesirable to have to test each design contemplated. The data 
given by the authors make design calculations of impulse levels 
possible. The ideal design is one in which a balanced design is ob¬ 
tained, that is, one in which the impulse flashovers from phase to 
phase and phase to ground on all phases are approximately equal. 

Several years ago tests were made by the Locke Insulator Corpo¬ 
ration for the Consolidated Gas Electric Light and Power Company 
to check certain designs of 13.2-kv, 35-, and I15-kv lines. As a re¬ 
sult of these tests balanced designs of lines were obtained. These 
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Table I. Summary of Impulse Tests on 13.2-Kv Wood-Pole Lines 

Double-Circuit Upright Construction With Four-Kv Arm Four Feet Below Lower 13.2-Kv Arm Ground Assumed to Be on Four-Kv Neutral and Secondary Neutrals and on Guy Wire 
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Figure 1 


designs are covered in a discussion on page 199, AIEE Transactions, 
1936. These tests were made on assembled structures. These test 
results were compared with the data contained in the authors’ paper 
and were found to check very closely. 

The results obtained for the types of construction used on 13.2 to 
36 kv are shown in table I, for the type of construction illustrated 
in figure 1. Figure 1 also includes an alternate design for a single¬ 
circuit line, using the top crossarm only with a third insulator in¬ 
stalled near the pole, which is shown dotted. The results of this type 
of single circuit construction are shown in table II. An alternative 
design is shown in figure 2, the results of test on this type of construc¬ 
tion being shown in table III. 


Table II. Summary of Impulse Tests on 13.2-Kv Single-Circuit Wood- 
Pole Construction 

Ground Assumed to Be on Four-Kv Neutral on Four-Kv Arm, Seven and 
One-Half Feet Below 



Flashovers in Kilovolts With 1 Vs x 40 Microsecond 
Positive Wave 




Angle Guys With Two Porcelain 
Insulators, Wood Braces 


No Guys 

One and 
One-Half 
Feet 
Below 
Bottom 
of Brace 
Within 
Six In. of 
Four Kv 

One Foot 
Below 
Bottom 
of Brace 
Within 
Six In. of 
Four Kv 

At Bottom 
of Brace 
Within 
Six In. of 
Four Kv 

Voltage 

Impressed 

Steel 

Crossarm 

Braces 

Wood 

Crossarm 

Braces 

B phase to ground... 
A phase to B phase., 

.,..630... 

_730... 

....645.... 

...560.... 

...400 

B phase to C phase.. 

....570... 

....575... 





B phase Is on the same side of pole as C phase. 
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Figure 2 (left) 



Figure 3 (right) 



' Tests were also made on a 66-kv type of structure, which was de¬ 
signed for future operation at 110 kv. This type of construction is 
illustrated in figure 3. The results of the tests on this construction 
are shown in table IV. Two types of arcing horns were used in these 
tests, the older type to which reference is made is the conventional 
type of horn, which had the effect of reducing the fiashover of strings. 
In the new type of horn, the horn was straightened in order to effect 
the minimum reduction of fiashover of the string. 

In the tests on wood poles it is interesting to note the difference 
between the various types of poles. Our tests showed similar re¬ 
sults in some cases, the moisture in the pole lowered the resistance 
sufficiently to permit the impulse generator to discharge through 
this resistance without obtaining an external fiashover. One of the 
poles tested had an internal moisture content of from 112 per cent 
to 136 per cent. However, it is believed that if the generator had had 
sufficient current discharge capacity, external flashovers could have 
been obtained. Since pine poles immediately after creosote treat¬ 
ment may have a very high moisture content it is quite possible that 
the trouble noted by the authors may have been similar to that out¬ 
lined above. 

Another point of interest is the relatively small effect of the various 
sizes of insulators upon the fiashover of the combination of pin-type 
insulators and wood crossarms, shown in figure 10 of the paper. It is 
believed that this is a very important consideration in the design of 
low-voltage lines. This feature may be utilized in the practical de¬ 
sign of lines by choosing an insulator of sufficient size necessary to 
give the desired 60-cycle fiashover and leakage characteristics. The 
remainder of the impulse level can then be obtained by the judicious 
use of wood, which usually will be at a lower cost than the cost for 
additional porcelain. 


record of this line before and after the above structural changes were 
made. The line which is 15 miles long is of standard two-circuit 
vertical configuration carrying a ground wire above the pole top. 
The ground wire is grounded every third pole, ground resistances 
ranging from 20 ohms to over 300 ohms. There are 483 structures 
in the line, 42 of them being guyed structures. The guys were in¬ 
sulated when the wood insulation was added. 

During the four years prior to revamping, there was an average 
of 3.2 single-circuit outages per year due to lightning and 7.2 double¬ 
circuit outages per year. For the five-year period following re¬ 
vamping with wood insulation these were reduced to 2.2 and 0.6 on 
an average yearly basis. That is, the single-circuit outages were 
reduced 36 per cent and the double-circuit outages 92 per cent. 

Where double-circuit lines are used to protect the continuity of 
service rather than for load requirements, the performance of the 
lines must be evaluated on the double-circuit outages alone, as a 
single-circuit interruption does not result in a service interruption. 
On this basis the improvement in performance of the above revamped 
33-kv line is quite remarkable. 


Table III. Summary of Impulse Tests on 13.2-Kv Double-Circuit 
Inverted Wood-Pole Construction 

Ground Assumed to Be on Four-Kv Neutral on Four-Kv Arm Four Feet 
Below Lower Arm 


Flashovers in Kilovolts With iy 9 x40 Microsecond 
' _'_■ Positive Wave 

Angle Guy With Two Porcelain Insulators— 
Wood Crossarm Braces 


I. W. Gross (American Gas and Electric Service Corporation, New 
York, N. Y.): In the latter part of the paper the authors present 
impulse fiashover data on typical transmission line structures carry- 
rng 33-kv and 66-kv circuits (figures 15 and 16). In figures 19A and 
B it is shown that the minimum impulse insulation of the line (which 
was phase to ground) was increased over 100 per cent for the 33-kv 
structure by the use of wood arm braces* Wood bayonets supporting 
the ground wire, arid an offset down lead. 

While the gain in impulse strength is clearly apparent from the 
test results reported, it may be interesting to look at the operating 


Voltage 

Impressed 


of Lower of Upper 

Brace At Bottom of Brace, 

Within Lower Arm With- Within 
Six In, of in Six In. of Four- Six In. of 
Four-Kv C Kv C Phase Four-Kv C 

Plmse, ——- Ph Me 

50i/i 50 40 40 

Degree Degree Degree Degree 
Angle Angle Angle Angle 


One Foot Below 
Tipper Arm With¬ 
in Six In. of Four- 
Kv C Phase 


25 

Degree 

Angle 


14 

Degree 

Angle 


B phase to ground....730......608......658..550. . 875 

C ?T d '• " • - ... .650......685..., . .'675 

C phase to B phase.,,., ... , v , # .665.... 
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Corresponding records are not at present available for the re¬ 
vamped 66-kv lines, as in some cases the reconstruction work was not 
carried out on complete lines, and in other cases sections of interven¬ 
ing steel-tower lines obscured the records. An over-all survey of 
the performance records of these lines, however, seems to indicate 
a reduction in outages comparable to the impulse-insulation im¬ 
provement shown for these 66-kv structures in figures 20 A and B of 
the paper. 

R. L. McCoy (Locke Insulator Corporation, Baltimore, Md.): The 
paper by Messrs. Spom and Lusignan is of extremely great interest. 
The authors are to be congratulated for having carried on a well 
organized and comprehensive investigation on this important sub¬ 
ject. Significant light has been shed on many obscure factors 
which in the past have been given little or no study. This paper 
gives stimulation to further thought along this line. 

In transmission structures we are interested in the over-all im¬ 
pulse insulation afforded by various combinations of wood and por¬ 
celain insulation. The data presented bring out in a striking way the 
fact that to obtain the most benefit from wood as an adjunct to por¬ 
celain consideration must be given to the proper co-ordination of 
these materials. Analyzing the data presented in the paper, that is 
in figures 1(M, 12 A, and 13, it is seen that the positive-polarity im¬ 
pulse strength of wood taken as an adjunct to porcelain insulators 
varies from approximately 130 kv per foot with pin-type insulators 
down to approximately 55 kv per foot with ten-unit strings of sus¬ 
pension insulators. 

A variation of a somewhat similar nature is noticed in the nega¬ 
tive-polarity impulse strength as an adjunct to porcelain in figures 105, 
125, and 13. This suggests as the authors point out that particu¬ 
larly in the case of the longer strings of suspension units the stress dis¬ 
tribution between the porcelain and wood elements is badly out of 
proportion to their respective impulse strengths. The authors sug¬ 
gest that this may be due to unfavorable relative electrostatic ca¬ 
pacitances of the various elements. 


In order to check this proposal a four-foot section of creosote- 
dipped well-seasoned crossarm having a cross section of four inches 
by four inches was tested in series with the following dielectric 
members: 

(а) One-unit heavy-duty switch and bus insulator having a capacity of 53 
micro microfarads at 60 cycles. 

(б) A two-unit string of standard five and three-quarter-inch by ten-inch sus¬ 
pension insulators having a capacity of 15 mtcromicrofarads at 60 cycles. 

(e) A 13 1 / 2 -inch rod gap which should have relatively very low electrostatic 
capacity- 

These dielectric members were selected because at standard hu¬ 
midity they have approximately equal full-wave impulse flashover 
values on a 1.5 x 40 positive impulse wave. All tests were made at 
an absolute humidity of 0.3 inch of mercury-vapor pressure. The 
four-foot wood section alone gave impulse strengths of 166 kv per 
foot positive and 154 kv per foot negative. The insulation added 
by this wood section to the switch and bus insulator, the two unit 
string of suspension units, and the 13 1 / 2 -inch rod gap were respec¬ 
tively positive polarity 153 kv per foot, 158 kv per foot, and 172 kv 
per foot, negative polarity 155 kv per foot, 148 kv per foot, and 167 
kv per foot. 

It should be noted that in these measurements practically the full 
impulse value of the wood itself was added while in the case of the 
rod gap the wood added more strength than it possessed by itself. 
This suggests three things, first, that perhaps the relative leakage 
resistance of the insulation elements is also important, or perhaps 
the relative surge impedances of the elements which would take into 
account not only the relative capacities but also the relative resist¬ 
ances. Second, that as the authors’ data might be interpreted to 
suggest the impulse strength of the wood section should be large in 
comparison with the impulse strength of the insulator element. 
Third, that the distribution of stress between the porcelain and wood 
elements may be a function of their relative time lags. 

It is a matter of observation that the time lag at the full wave 
flashover on pin-type insulators and short strings of suspension units, 


Table IV. Summary of Impulse Tests on 66-Kv Wood-Pole Lines 

Pumphrey to Annapolis Future 110-Kv Line Construction 


Six Insulators per String—Pole Ground Wire 


Flashovers in Kilovolts With V/ 2 x40 Microsecond Positive Wave 


Guy Attached Six Feet Below Lower Arm 
Old Type Arcing Homs 


Voltage 

Impressed 


Straight 

Line 

Fittings 

Insu¬ 

lators 

Ver¬ 

tical 


Angle Fittings 


New Type Arcing Horns 


Insu¬ 

lators 

Ver¬ 

tical 


Straight Line Fittings 


Angle Fittings 


30 

Deg. 

Swing 


45 

Deg. Insulators 
Swing Vertical 


10 20 10 20 

Deg. Deg. Insulators Deg. Deg. 

Swing Swing Vertical Swing Swing 


Column No. 1 


8 


10 


A phase to ground. 
B phase to ground. 
C phase to ground. 


*750_725-680 

*750_755-680 

750....725....800 


.540_*1,025.*940 

.560_ 1,025. 940 

.*1,025. 


.*835_*995_*895 

. 835...°. 995- 895 


.*770. 
. 770. 


Guy Attached Four Feet Be¬ 
low Lower Arm at Various 

_ Angles to Pole _ 

New Type Arcing Horns 


Straight Line Fittings, Insula¬ 
tors Vertical_ Six-Unit String 


171/2 

Deg. 

65 

42i/ 2 

Deg. 

53V4 

51 

Deg. 

45 

6 OV 2 

Deg. 

36 

Only, Straight 
Line Fittings 

Old 

New 

In. 

In. 

In. 

In. 

Type 

Type 

Clear¬ 

Clear¬ 

Clear¬ 

Clear¬ 

Arcing Arcing 

ance 

ance 

ance 

ance 

Horns Horns 


11 12 13 14 15 16 


.*520.... *580 

. .1,010.810.. ..685_560.. ..*520.. .. 580 

. 520_*580 


Eight Insulators per String—Pole Ground Wire 


115-Kv Expulsion 
Protective Gaps, 
No Arcing 
Horns 


115-Kv Expulsion 
Protective Gap 
in Ground Wire, 
Wood Guy Insulators 
Above and Below 
13-Kv Arm 


Guy With Wood Insulators Six 
Feet Below Lower Arm. Old 
Type Arcing Horns_ 


Straight 
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say from one to five units, varies from four to eight microseconds, 
while on long strings of suspension units, ten units or more, it may 
run from 15 to 25 microseconds. 


J. H. Hagenguth (General Electric Company, Pittsfield, Mass.): 
The authors have given the results of a very thorough investigation 
of the impulse characteristics of wood alone and wood in series with 
insulators. 

Some tests on wood crossarms made in the high-voltage engineer¬ 
ing laboratory in Pittsfield check the results obtained by the authors 
very closely. For instance, data published in a paper on "Impulse 
Voltage Strength of Insulators and Materials” by J. C. Dowell and 
C. M. Foust, figure 30 checks figure 4 of the paper for the flashover 
of pine at two microseconds almost exactly, while the Pittsfield values 
for the full-wave flashover are approximately eight per cent higher. 
Curves of figure 30 of the above reference begin to bend over con¬ 
siderably at about five feet—the flashover voltage of nine feet is 
only 36 per cent higher than at four and one-half feet—while the 
authors' figure 7, curve A indicates proportionality between flash- 
over voltage and length of wood gap. In my opinion, it seems more 
reasonable to expect a smaller increase in flashover voltage for great 
length of wood, because the flashover of wood probably is a creepage 
phenomenon, which tends to be progressive, once an arc has started 
and the addition of a few feet of creepage path will not materially 
increase the flashover voltage. 

Some investigation carried out on large-scale pole structures 
in the laboratory seem to check this contention. During these 
tests, wood crossarms with a length of as much as 11 feet and in¬ 
sulator strings of 9 to 15 units were in series. The ratio of measured 



A —Creosoted fir crossarm, dry, same as curve A, figure 
10 A of the paper 


Figure 4. Impulse 
flashover character¬ 
istics of pin insulators 
plus crossarms—full- 
wave flashover 


to calculated (similar to table I of paper) flashover voltage was ap¬ 
proximately 0.50, if the kilovolt values curve A of figure 7 of the 
paper are used, and 0.80 if the kilovolt values of the Dowell-Foust 
paper figure 30 for ten microseconds are used. The impulse in¬ 
sulation added per foot of crossarm during these tests varied between 
30 and 50 kv per foot. The lower figure usually was associated with 
the longer wood gap. Lengths of wood poles up to 35 feet were 
arced over, when in series with an insulator string. During these 
tests it was also quite well established that the flashover voltage of 
an air gap 21 feet above ground was approximately the same as the 
same gap spacing with standard mounting. For instance, a 90.5- 
inch air gap 21.5 feet high, flashed over at 1,385 kv (1,400 kv standard 
rod gap) and a gap of 166 inches flashed over at 2,640 kv (2,530 kv 
standard rod gap). All these tests were made with 1.5x40 waves 
of positive polarity. 

There appears to be some discrepancy between the results of 
figures 4, 5, and 7 of the paper. In figure 4, the flashover voltage 
of a pine crossarm of approximately 20 square inches is given as 530 
kv at four feet, while figure 7 shows a flashover voltage of 610 kv 
for the same length. While this difference may be accounted for 
by the difference in treatment and general condition of the wood, 
these results do not seem to check figure 5 A. The poles used for 
the test presumably had a larger cross section than the crossarm 
and should, therefore, be expected to have a relatively lower flash- 
over voltage. 

The authors mention very briefly the effect of rain on the insula¬ 
tion strength of wood, stating that a reduction of some 50 per cent 
might be obtained. Since the lightning disturbances usually occur 
under rain condition, it naturally would be of real importance to 
have more data taken under such conditions. It may, therefore, be 
of interest to compare dry flashover voltages as given in the paper 
with flashover voltages obtained under rain conditions in Pittsfield 
with a precipitation of 0.2 inch. The Pittsfield tests were made 
using a 66-kv pin-type insulator in series with wood crossarms. 

Figure 4 (this discussion) shows a comparison between flashover 
voltages under the two conditions. It is a coincidence that the 
flashover voltages of the two insulators is the same, although one 
wa9 tested, when dry, the other under rain. The considerable re¬ 
duction due to rain in the insulation strength added by the wood is 
apparent especially for the first 12 inches. This is shown more 
clearly in figure 5 (this discussion) where the impulse insulation 
added to the pin insulator by an untreated pine crossarm is plotted, 
similar to figure 10C of the paper. Curve C on the figure 5 (this 
discussion) shows the ratio of wet to dry flashover, which is very low 
for short lengths of wood increasing to 50 or 60 per cent at about 
four feet, the maximum length investigated. This ratio is approxi¬ 
mately the same for positive and negative polarity. For short 
lengths of wood, the calculations should, therefore, be based on the 


F—New pine crossarm In scries with 66-lcv pin-type 
insulator rain test 0.2 inch per minute 

Solid line—positive polarity 
Dashed line—negative polarity 



Figure 5 (left). Impulse insulation added to pin 
insulator by untreated pine crossarm—full-wave 
flashover 

A Curves for average Insulation increase of 130 kv per 
foot and 110 kv per foot from figure IOC paper 

fr—Values obtained from wet flashover tests 66-lcv pin- 
type Insulator in series With pine crossarm, precipitation 
0.2 inch per minute 

0-Shows ratio of wet to dry flashover voltages 
D—Pine crossarm alone 


Fisure 6 (right). Impulse flashover character¬ 
istics of pin insulators plus 36-inch wood 
crossarm. Positive polarity 

^—Fir crossarm, dry, same as figure 11 A of the paper 

B —New pine crossarm, rain test 0.2 inch per minute plus 
66-kv insulator 

C—66-kv pin-type insulator alone 


u overvoltage of crossarm alone (when in series wil 
Insulator) 

Mnere.se in strensth of wood «t short times to fhshovei 
Ratio of kilovolts across wood to kilovolts across insulato 
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wet flashover of the insulator only, for greater wood gaps the strength 
added by the wood probably will not greatly exceed a value of 50 
per cent of those given in the paper. During these tests the over¬ 
voltages required to flashover at short times were measured for 
the insulator alone and for the insulator in series with wood and 
are shown on figure 6 for a 66-kv pin-type insulator with 36 inches 
of crossarm. Curve D of this figure represents the added strength 
of the wood in terms of overvoltage obtained by subtracting curve 
C from curve B and using the value obtained for the full-wave flash- 
over as 100 per cent. Of considerable interest is curve E which 
shows the ratio between the flashover voltage of the insulator alone 
to the flashover voltage added by the wood at different times to 
flashover. 

This ratio is almost constant down to 1.5 microseconds and then 
the insulation strength added by the wood becomes greater than 
that of the insulator. The other end of this curve indicates zero 
strength added for 60 cycles. Although the 60-cycle tests were 
made after the crossarm was subjected to a considerable number of 
impulses and was badly splintered, it might be expected that the 
60-cycle flashover under rain of the added length of wood would be 
considerably decreased, since the pin of the insulator at this low 
frequency is practically at ground potential, when the wood is wet 
and flashover of the combination will occur at the flashover voltage 
of the insulator. 

R. H. Earle (Line Material Company, South Milwaukee, Wis.): 
This paper is an interesting addition to our knowledge of the elec¬ 
trical properties of wood when used as an insulator on power lines. 

This investigation, particularly when compared with former ones, 
shows rather a wide divergence of numerical test data. Such a range 
of test results is not at all surprising, however, in view of the other 
electrical properties of wood. 

It is generally recognized that the resistance of wood shows enor¬ 
mous variations and depends not so much upon the species of the 
wood as upon the amount of moisture that it contains. This is not 
necessarily free visible moisture, but is rather the moisture which is 
absorbed by the cells of the wood from the atmosphere and the mois¬ 
ture content of the wood depends upon the humidity of the air to 
which the wood is exposed. Penetration of this moisture through 
the wood is rather slow. In ordinary outdoor weather conditions, 
such as wood structures encounter, the humidity is, of course, con¬ 
stantly changing with the result that the wood is practically always 
either absorbing or giving off moisture and since the moisture is trans¬ 
ferred through the wood slowly, the actual moisture content repre¬ 
sents a summary of the weather conditions for perhaps several 
months past. 

It is accordingly seldom that the moisture content of a crossarm or 
pole will be uniformly distributed and since the electrical resistance 
of the wood depends so markedly on the amount of moisture that it 
contains, the pole or crossarm is electrically a bundle of resistors in 
series and parallel combinations and each resistor has a different 
value. The over-all resistance of the wood with nonuniform dis¬ 
tribution of moisture is apt to be lower than would be the case if the 
moisture content were uniform throughout the volume of the speci¬ 
men. Furthermore, in specimens of large cross sections there is 
likely to be a greater variation in electrical resistance across the sec¬ 
tion than is the case in pieces of smaller sections. 

Applying these facts to some of the conclusions shown by the 
author’s paper, we find a plausible explanation for several of the 
conclusions. For example, conclusion number 3 states that lower 
flashovers accompany larger wood sections. This would be ex¬ 
pected since in general the resistance of the large sections is less um- 
form and lower than for the small sections. • 

In conclusion number 4, it is likely that fir and pine would show 
the same flashover if they had the same moisture content. 

In conclusion number 5, it seems likely that the newly creosoted 
pine poles had not dried out to the extent that the old ones had, and 
conclusion number 5 also bears out the belief that impregnation only 
permits the pole to shed water a little more readily and aside from 
this does not influence the moisture content. 

In conclusion number 6, it appears likely that the effect of the ram 


was twofold: first, to reduce the resistance of the wood by penetra¬ 
tion of the fibers, and second, to form an electrolytic conducting 
path over the surface of the wood due to the rain dissolving impuri¬ 
ties on the surface of the wood and thereby forming an electrolyte. 

It appears that the extreme ranges of insulating values of wood 
crossarms, poles, and strain rods would be obtained by assuming 
the dry flashover of a corresponding length of air as the upper limit 
and by r unnin g further investigations on water-soaked timbers of 
some wood that soaks up moisture readily, such as beech, birch, or 
maple. Due to the comparative ease of impregnating these three 
woods with water, the results of electrical tests on such specimens 
would probably be lower than would be obtained in practice where 
the species would be more likely one of the firs, pines, or cedars. 


Philip Sporn and J. T. Lusignan, Jr.: Mr. Andrews comments on 
the ability of wood to help prevent 60-cycle power current from 
following. This is an aspect of the wood insulation study which is 
well worth developing, but one which was not included in our 
program. There were so many factors affecting the impulse break¬ 
down of wood, it was impossible for us to add tests involving 60-cycle 
follow current. 

Mr. Stewart mentions some moisture studies he has made on wood 
poles and the variation in insulation value observed. We imagine 
that his work involves the 60-cycle phase of the problem, possibly 
with respect to pole burning or leakage. The manner in which he 
found moisture to affect insulation is interesting, but we feel that 
the behavior under impulse might be different from that encountered 
under power frequency. Our principal reason for this thought fol¬ 
lows from the ability of moisture to serve as a conductor under the 
two conditions of 60-cycle and impulse surges. In other words, the 
moisture conduction must be electrolytic and involves movements of 
relatively slow electrolytic ions which would not respond to impulse 
voltages, lasting only a few microseconds, but which would serve 
as fair conductors of current for the longer power-frequency waves. 
We concur with Mr. Stewart in that a large number of tests are 
necessary in order to obtain dependable results on wood, chiefly due 
to the variable nature of that material. 

The manner in which Mr. Smith has applied the results of labora¬ 
tory studies to his line designs is most interesting. It is gratifying 
also that his results and conclusions concur so well with the authors’. 

The tests which Mr. McCoy describes add very interesting in¬ 
formation regarding the ability of wood to increase the insulation 
strength of a transmission structure. All of the reasons why wood 
does not add its full strength to the porcelain members are not clear 
to us as yet. We offered the suggestion that capacity distribution 
was an important factor, since under impulse, the conducting prop¬ 
erties of moisture had little time to enter. However, we feel that 
the effect of the relative time lags of the porcelain and wood which 
Mr. McCoy mentions to be appreciable also. In fact it was a little 
easier at the time to explain the shape of some of our oscillograms by 
considering the possible time-lag curves of the porcelain and wood as 
well as what we consider to be the relative voltage distributions. 
The time-lag phenomenon which Mr. McCoy mentions wherein 
pin-type insulators and short suspension strings have shorter time 
lags than long strings is something which seems to hold with most 
long and short air breakdown paths over insulation. In other words, 
short rod-gap spacings and small switch insulators also have much 
flatter voltage-time curves than the longer gaps and insulators. ^ We 
feel that this is probably due to electrode surfaces being relatively 
larger compared to the shorter air paths, thereby introducing most 
uniform electrostatic fields and approaching the flat time-lag char¬ 
acteristics of sphere gaps. 

The information which Mr. Gross gives us regarding the greatly 
improved performance of his 33-kv line is very gratifying as it proves 
the value of laboratory tests in predicting the advantages, or dis¬ 
advantages, of certain contemplated structure changes. 

Mr Earle goes into an analysis of the moisture factor in wood 
and its effect upon the electrical breakdown. We concur with his 
thoughts, although we want to emphasize that the distribution of 
the moisture has probably as much or more to do with the break¬ 
down voltage as the total amount of moisture itself. In other words, 
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we feel that the location of moisture areas both across the grain and 
along the axis are an appreciable factor in concentrating stress at 
certain points and thereby reducing the ultimate strength of the 
member as a unit. It is probably this factor that would make cer¬ 
tain woods behave differently from others, even though they all 
have the same total moisture content. 

Mr. Hagenguth supplements our paper with some very interesting 
thoughts and laboratory data. He compares the results of the 
Dowell-Foust paper with our results and in some cases notes agree¬ 
ment. He questions the straight-line curves of our figure 7 which 
conflict with their figure 30 and suggests that wood flashover is a 
creepage phenomenon. Although only a few individual pole speci¬ 
mens were tested, an appreciable number of wood lengths were 
flashed over from one to ten feet so that we believe that our data 
of figure 7 are fairly reliable, in so far as the specimens tested are con¬ 
cerned. We feel that these specimens were rather dry and typical 
of those poles to be encountered in service so that the values from 
the curves could be used rather freely for estimating purposes. We 
question the existence of much creepage phenomenon, particularly 
in impulse flashover where, at the short times involved, there is little 
chance for much creepage. We note a statement at the bottom of 
the above figure 30 stating: “Whether the wood is dry or wet, 
soaked in salt water or creosoted, makes little difference.” With 
this our results disagree considerably. The lower ratio Mr. Hagen¬ 
guth obtains with our values obviously results because of the higher 
flashover values we measured for wood alone. His results showing 
no change in air gap above ground checks similar tests made by us 
after the paper was written. 

The disagreement Mr. Hagenguth finds between the crossarm data 
of figures 4 and 5 and the pole data of figure 7 is something which we 
noted during the tests. In other words, the cross-section phenome¬ 
non of figure 5 applies only to crossarms. Equivalent section areas 
of poles gave higher breakdown values, particularly with fairly dry 
poles. We felt that this was due to the unbroken grain structures 
of the complete poles wherein the discharges were kept along the 
outside surfaces, whereas the crossarms were cut from inner whole 
sections and add no continuous outer shells. 

The additional wet tests made by Mr. Hagenguth to supplement 
the few which we made are most worthwhile. The “coincidence’ 1 
he mentions in regard to the equality of the wet and dry flashover of 
the insulator alorie, we feel to be a reality. On wet impulse flash- 
overs of porcelain insulators we have usually found the voltage 
values to be about the same as the dry values. 

A New Correlation 
of Sphere-Gap Data 

Discussion and author's closure of a paper by D. W. Ver Planck pub¬ 
lished on pages 45-9 of this volume (January section) and presented 
for oral discussion at the instruments and measurements session of the 
winter convention, New York, N. Y. t January 26, 1938. 

P. H. McAuley (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): A simple and logical correlation of 
sphere gap sparkover data has been presented. It is particularly 
interesting to note that it brings out some of the discrepancies 
which we felt existed in the new AIEE values. The latter are 
averaged from tests made in different laboratories. Our values for 
the 50-centimeter sphere gap, for instance, are higher than the AIEE 
averages for the higher values of S/D. Table I, which includes some 
unpublished data, shows this condition. Similarly, our experimental 
curves show a value of 83 kv for positive-wave sparkover of the 6.25 
centimeter gap at 3.125 centimeters spacing. 

The practice of averaging test data by empirical methods is well 
justified in the case of the sphere’ gap. The original data were ob¬ 
tained in several different laboratories. The gaps were made of dif¬ 
ferent metals and no doubt had different surface conditions. Mount¬ 
ing arrangements varied considerably. Clearances were different 


Table I. Average Sparkover Voltages for 50 Centimeter Spheres; 
Westinghouse Data Compared to AIEE Values 

Westioghouse _ AIEE _ 

S/D Positive Negative Positive Negative 

0.5.550.520.547.519 

0.0.609.575.605.573 

0.7.662.623.655.615 

0.8.-....702.662.698.661 

0.9.732.694.732.681 

1*0.758.721.758.707 

5 ** spacing; D ■» diameter. 


even for separate tests on the same gap in one laboratory. Con¬ 
siderably more data were available on the 25- and 50-centimeter 
sphere gaps than on the other sizes. For these reasons, our data 
were correlated according to average gradient curves for given ratios 
of S/D. The present author has extended this process with gratify¬ 
ing results. 


F. J. Vogel (Westinghouse Electric and Manufacturing Company, 
Sharon, Pa.): The engineer responsible for the design of high- 
voltage apparatus has long used logarithmic paper for plotting experi¬ 
mental data and design information. This has been true for many 
years and may be found amongst the writings of engineers associated 
with several companies. A reference to this fact is given in the 
paper “Factors Influencing The Insulation Coordination Of Trans¬ 
formers, Part II" by P. I/. Bellaschi and F. J. Vogel, Electrical 
Engineering, volume 53, June 1934, pages 870-6. This fact does 
not detract from Mr, Ver Planck’s excellent paper since design engi¬ 
neers have not seen fit to call attention to the relationships existing 
between parts of similar shape. 

In figure 1 of Mr. Ver Planck’s paper, sphere-gap data are pre¬ 
sented using ratios of spacing to sphere diameter as parameters. 
These data are plotted in figure 1 of this discussion, using given spac- 
ings as parameters. For a given spacing, it is seen that, as the sphere 
diameter is increased, the breakdown voltage becomes constant and 
presumably approaches that for plain surfaces. Values given in 
figure 1 of this discussion, for ratios of spacing of sphere diameter of 
0.1, by changing the scale as shown, become breakdown values for 
plain surfaces. For comparison, points taken from Mr. Schumann’s 
book on page 27 are shown. Schumann’s values appear to vary as 
the 0.92 power of the spacing even down to very short distances. 
The use of the 0.88 power in figure 3 of Mr. Ver Planck’s paper does 
not seem to be justified and perhaps points out an error in the sphere 
gap data for these distances. 

Figure 2 of this discussion shows data established for design pur- 
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poses some years ago for the dielectric strength of rods and large- 
diameter parts. These data were obtained using sphere gap calibra¬ 
tions as standards of measurement but using spheres large enough to 
keep the ratio of spacing to sphere diameter one-half or less. The 
present calibration is not greatly different from the old one for these 
ratios, and the data are still sufficiently accurate for design purposes. 
It is to be noted that these data are plotted in the same manner as 
that used by Mr. Ver Planck. It is also of interest that these curves 
result in lower voltages than would be obtained by using the formulae 
derived by Mr. F. W. Peek, Jr., in his book "Dielectric Phenomena 
in High Voltage Engineering.” 

The use of curves, similar to figures 1 and 2, for design purposes, is 
desirable since they avoid calculation, give the design engineer a pic¬ 
ture of the general relationships which exist, and permit the engineer 
to obtain his results quickly. When these two curves are used to 
help the engineer in forming judgment as to the clearances required 
for a given arrangement of parts, it is felt that figure 1 uses a better 
choice of co-ordinates, since the band showing the data is wider. 


P. L. Bellaschi (Westinghouse Electric and Manufacturing Com¬ 
pany, Sharon, Pa.): Professor Ver Planck has presented an inter¬ 
esting paper on the sphere gap by plotting the new standard sphere- 
gap data on logarithmic graph paper and applying the principle of 
similarity for electrical discharges. It should be stated that the 
new standard sphere-gap calibrations have been well correlated in 
the first place, otherwise the good agreement in tables II and III 
would hardly have been expected. 

In practice a number of factors affect the sparkover of the sphere 
gap and rules in its use are accordingly specified to minimize these ef¬ 
fects within a permissible limit. In view of this, the agreement of 
the calculated values with the standard data is amply close to es¬ 
tablish with assurance the various relationships indicated. Among 
these relationships the factor of relative air density and the probable 
corresponding corrections are worthy of attention. 

Correlation of data naturally will bring to light major discrepan¬ 
cies. For example, in figure 3, the circled point near the 16-kv value, 
through which the dashed line is drawn, appears out of place. As a 
matter of fact, this is an extrapolated data point. In the final revi¬ 
sion of the new sphere gap standards the few remaining extrapolated 
data points were subject to close scrutiny. As the result of tests in 
the various laboratories, the actual data value was established as be¬ 
ing 17 kv, thus the dashed curve in figure 3 lines up quite well with 
the Schumann values, 

The correlation of data in high-voltage technique and engineering 
is not only desirable but even essential. The author makes the state¬ 
ment that the similarity principle for electrical discharges seems not 
to have been fully appreciated by engineers in this country. This 
statement appears hardly warranted, for as a matter of fact, the re¬ 


lationship indicated in the paper for the sphere gaps as well as similar 
relationships for toroidal and cylindrical electrode arrangements 
have long been known to obey the principle of similarity for electrical 
design. These relationships have been put to useful application for a 
number of years by electrical engineers in the design of high-voltage 
apparatus. 

D. W, Ver Planck: As pointed out by Mr. Bellaschi the consistently 
close agreement shown in tables II and III would have been un¬ 
likely if the data had not already been well correlated. In fact this 
independent check of the regularity of the data is evidence of the 
excellent work done by the subcommittee who prepared the new 
sphere gap calibrations. 

Two of the three data which were found to be conspicuously out of 
fine have since been revised in a subcommittee report dated Decem¬ 
ber 1937, and they now conform to the new correlation. As a result, 
the circled point in the lower left-hand corner of figure 3 moves up to 
the solid line, and the last item in the 50 column of table III becomes 
758 instead of 738. The single serious discrepancy remaining is the 
last item in the 6.25 column of table III, and if Mr. McAuley is right 
this value would become 83 instead of 81.8, which is within about 
1.3 per cent of the calculated value. 

Mr. McAuley’s suggestion that the AIEE valves for 50-centimeter 
spheres may be a little too low is supported by the calculations for 
this size being consistently higher than the data. In fact if the data 
were revised in the direction indicated by Mr. McAuley, slight 
changes in the parameters K and a could be made which would result 
in an even closer agreement between calculations and data for all the 
other sphere sizes as well. 

Mr. Vogel’s figure 1 has for its theoretical basis the alternative 
functional form, equation 2, given in the paper, although generality 
has been lost by making the horizontal coordinate D instead of D8. 
The diagonal straight lines, which are for constant values of S/D, are 
described by the empirical formula 

V — G ( D8) a 

where 

«-'(!)■ 

and K and a have the same values given in the paper. These for¬ 
mulas and a table of numerical values for G were included in the 
paper as first submitted but for brevity were omitted before publica¬ 
tion. While this form when plotted gives a greater separation of 
the lines for small values of S/D, it crowds them more when S/D is 
large. 

Figure 2 indicates a relationship closely paralleling that in the 
paper and apparently known for several years but unfortunately 
withheld from publication until now. Here again, as in Mr. Vogel’s 
figure 1 generality has been lost by not taking account of air density 
through the full use of the similarity, principle. This figure would 
be enhanced in value if it were shown that the parameters of the 
straight lines for constant values of D/R conformed to an orderly 
relationship analogous to that given in figure 2 of the paper. 

Mr. Vogel’s figure 1 shows a considerable difference between Schu¬ 
mann’s curve for a uniform field and the diagonal straight line for 
S/D = 0.1. Actually Schumann’s data and the most recent revi¬ 
sion of the AIEE data for S/D < 0.2 determine a single smooth 
curve. A reduction of Schumann’s tabulated data to effective sine 
wave values gives points which lie from one to four per cent below 
those in the figure. If the discrepancy is not due entirely to an error 
in plotting it might be partly explained by a failure to take account 
of the fact that Schumann’s data are for 20 degrees centigrade while 
those of the AIEE are for 25 degrees centigrade. Correction of 
Schumann’s data to 25 degrees centigrade would shift the curve 1.7 
per cent to the right since 8 = 1.017 for 20 degrees centigrade. 

The use of the exponent 0.88 in equation 4 has been questioned. 
As stated in the paper the true curve for uniform field and small 
spacings is not linear when plotted to logarithmic scales, although 
the curvature is small. Figure 3 shows this curvature and that equa- 
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tion 4 gives a good fit for the range below (56) — 2.0. For the range 
above (56) = 2.0 and up to at least 20 the line determined by the 
parameters in table I for S/D — 0.1 is in dose agreement with the 
data as can be seen in figure 3 and the first line of table II. The ex¬ 
ponent 0.92 suggested by Mr. Vogel will be found to give good agree¬ 
ment in the intermediate range 0.8 < (58) < 7.0 if used with the coef¬ 
ficient 31.2. 

Although it is much the best for the entire sphere-gap range above 
(56) =* 2.0, the power function type of formula, equation 3, is not as 
good for uniform field and small spacing as the formula 

7«X(58)-hB(58) 1 /« 

a type probably first used by Peek. The author has found that with 
A = 24.4 and B * 6.8 it agrees with Schumann's curve over the en¬ 
tire range 0.2 < (55) < 9.0 to within about 1.0 per cent. 


A New 

A-C Network Analyzer 

Discussion and authors' closure of a paper by H. P. Kuehni and R. G. 
Lorraine published on pages 67-73 of this volume (February section) 
and presented for oral discussion at the instruments and measurements 
session of the winter convention, New York, N. Y., January 26,1938. 


most of the systems in this country, as well as some from India, 
Mexico, and Canada. These can be roughly dassified as follows: 

50 per cent—Voltage-regulation and load-control studies to deter¬ 
mine: 

(а) . The effect of new lines or synchronous condensers to improve voltage 
conditions. 

(б) . Transformer application both as to size and type, i.e., whether quadrature 
or in phase tap-changing equipment is desired. 

(e). Choice of system voltage for new installations. 

30 per cent— Stability studies both static and transient for deter¬ 
mining: 

(a). Power limits of lines or portions of network. 

(5). Effect of increased machine inertia. 

(c) . Effect of high-speed excitation. 

(d) . Effect of high-speed fault clearing. 

(e) . Effect of circuit layout. 

(/). Effect of auxiliary equipment such as reactors, neutral resistors, etc. 

(*). Effect of connections of “topping turbines” to system. 

(J h ). Effect of high-speed reclosing. 

In fact, it is very doubtful if the many applications of 30-cyde re- 
dosures on 110-kv systems would have been made if it had not been 
for the possibility of adequately predetermining just what would 
happen with an alternating current network calculator. 

15 per cent—Short-drcuit studies for determining: 


W. W. Parker (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): 1. The paper which has just been 
presented is very timdy because of the growing appreciation of the 
economies and advantages which accrue from the use of such facili¬ 
ties. As distribution systems become more and more complex the 
solution of their growing problems naturally becomes more difficult. 
Also the time required for analytical solutions increases beyond all 
reason unless improved methods are available. So it is that the 
members of the Institute should find this subject of live interest. 

2. Several a-c calculating boards have been built for various com¬ 
panies for their private use and the investment made by these com¬ 
panies has been adequately justified from the excellent results which 
they have obtained. Along this line the Electrical World article of 
November 23, 1935, by Mr. T. G. LeClair, will probably be of in¬ 
terest. (Several slides were shown showing the a-c network calcula¬ 
tor in Chicago, one in New York, one at East Pittsburgh and a new 
one just installed in Chattanooga, Tenn. This new one is shown in 
figure 1 of this discussion and employs a 100-volt one-ampere 
power level which is most convenient to use. This is the very latest 
in a-c calculating-board design.) 

3. It seems that the best contribution that can be made to this 
discussion and one which will be of interest to the majority will be a 
brief outline of experience with one of these calculators. In the past 
eight years approximately 200 studies have been made embracing 


(а) . Breaker application. 

(б) . Relay application. 

5 per cent—Miscellaneous studies including secondary-distribution- 
network studies, theoretical and special design problems. 

4. The above classification does not include the voltage-recovery 
studies which are covered in a paper presented at this convention by 
Messrs. Evans and Monteith, entitled “Recovery Voltage Charac¬ 
teristics of Typical Transmission Systems and Relation to Protector- 
Tube Application." 

5. These studies have resulted in system economies by obtaining 
(1) the most effective use of existing facilities, (2) the deferring of 
capital expenditures, and (3) the determination of the type and loca¬ 
tion of new equipment. 

6. Summarizing, the use of the a-c calculating board or network 
calculator is being more and more appreciated by planning engi¬ 
neers, system operators, utility managements and even, at least in 
one instance by a public utility commission. 


R. C. R. Schulze (Public Service Electric and Gas Company, Newark, 
N. J.): There are several points which have not been mentioned 
yet in the discussion. The principal one I have in mind is the ease 
of operation of this new G.E. analyzer. There are several features 
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that make operation easier. One is the fact that loads can be set 
up as resistance and inductive reactance in parallel—so that watts 
and vars can be adjusted separately. Anyone who has tried to 
adjust a load with resistance and reactance in series will appreciate 
the convenience of the parallel connection. 

Another factor is the arrangement of jacks and plugs. By making 
all connections in one (or two) places, the time involved in setting up 
a network is reduced, it is easier to see just what has been set up, and 
there is less chance of an error in the connections. We have had ten 
years of very satisfactory experience on our d-c table with this 
method of making connections. 

The metering scheme is quite flexible, and permits reading almost 
anything desired. The ability to read watts and vars directly saves 
a large amount of slide-rule work. This not only saves a large 
amount of time in the analysis of the data, but it also saves time when 
adjusting the loads and generator units when making an analyzer 
setup. 

Aside from the technical features of the master meters, the use of 
light-beam instruments is a distinct help to the analyzer operator. 
There is a reduction in eye-strain, since it is unnecessary to lean over 
a meter and squint at the pointer and its reflection with one eye. 
With the light-beam instrument the reading is essentially the same 
from any angle, so both eyes can be used. Also, it is possible to read 
these meters from anywhere in the room, not to the last tenth of a 
division, of course—but with a fair degree of accuracy. This means 
that one man can both adjust a load impedance and read the meter 
from that position, so that it is possible for one man to set up and ad¬ 
just a network. Of course a second and even a third man would be 
useful, but the point is that this analyzer can be operated conven¬ 
iently by one man. 

I might add that our experience agrees with that mentioned by 
several of the previous discussers, in that it is possible to obtain re¬ 
sults on a calculating table in much less time and with better as¬ 
surance of accuracy than can be done by slide rule. This has been 
demonstrated on several occasions. 

Our experience with our d-c calculating table, and with the re¬ 
sults obtained on several visits to an a-c calculating table, has been 
very satisfactory. This experience, plus the complexity of the prob¬ 
lems in system layout and operation, has led our executives to pur¬ 
chase the first step of an a-c network analyzer of the type described 
here. 

Mr. Kuehni mentioned the types of problems which are usually 
solved on the a-c analyzer. A telephone friend of mine inquired 
about the possibility of studying the inductive coupling between a 
telephone line and our power lines, and one of our engineers has al¬ 
ready suggested the study of transients on our analyzer. It is evi¬ 
dent that we are going to have a variety of problems offered for solu¬ 
tion on the analyzer. 

It is our belief that this analyzer will not only be of considerable 
help in solving our technical problems, but also the savings resulting 
from its use will soon pay its cost. 

E. W. Kimbark (Polytechnic Institute of Brooklyn, Brooklyn, 
N. Y.): The network analyzer described in the paper is the third 
principal design which has appeared. The first one, located at 
Massachusetts Institute of Technology and built jointly by the 
Institute and the General Electric Company in 1929, operates on a 
frequency of 60 cycles per second with a base voltage of 200 and a 
base current of two amperes. The second design, of which several 
boards have been built by the Westinghouse Company, uses 440 
cycles and a base of about 100 volts, one ampere. The new design 
uses 480 cycles, 50 volts, 0.05 ampere. 

The decrease in base voltage and current of each successive design 
is closely related to advances in the instrument art. The MIT net¬ 
work analyzer originally used suspended-coil wattmeters and thermo¬ 
couple ammeters and voltmeters, all of which were sluggish, particu¬ 
larly the thermal instruments. The Westinghouse analyzers intro¬ 
duced dynamometer ammeters and voltmeters, one coil of which was 
inserted in the network while the other was fed from an instrument 
phase shifter. By supplying the larger part of the instrument power 
from the phase shifter, faster instruments were obtained without in¬ 


creasing the burden on the network. In the new analyzer described 
in the paper a great reduction in instrument burden without sacrifice 
of speed or accuracy has been effected by the development of suitable 
amplifiers. 

I have had the opportunity of operating both the MIT network 
analyzer and the new General Electric analyzer and can testify to 
the improved “usability” (as the authors term it) of the new design. 
The elimination of calibration tables and plugging diagrams, the 
centrally located switches eliminating the need for an operator to 
move the instrument plugs, the fast easily read light-beam instru¬ 
ments, the fact that all three instruments indicate simultaneously, 
the good voltage regulation of the generator units and their independ¬ 
ent continuous phase and magnitude adjustments, all contribute to 
this usability. Messrs. Kuehni, Lorraine, Thompson, and Slinger are 
to be congratulated on their excellent design of this new network 
analyzer. 

A frequency in the neighborhood of 500 cycles per second has been 
chosen by two different groups of network analyzer designers and 
therefore seems to be well established. This frequency permits the 
use of smaller reactors and capacitors than those required at 60 cycles 
with the same voltage and current base. The use of a much higher 
frequency would increase the difficulty of limiting undesired electro¬ 
magnetic and electrostatic coupling between network elements to a 
negligible value. 

For experimental work the use of 60 cycles and of the higher volt¬ 
age and current base has proven very desirable at MIT, as it permits 
various transformers, rotating machines, and instruments which are 
not part of the regular equipment of the network analyzer to be 
pressed into service. 

A fair number of studies made on network analyzers have been con¬ 
cerned with transformers for controlling power flow in a loop by 
means of phase shift, and, although the required results have always 
been obtained from the analyzers, there has been no really satisfac¬ 
tory and convenient means of representing on the analyzer the phase- 
shifting transformers of the power system. 

A very interesting and ingenious form of network analyzer (de¬ 
scribed in British patent specification No. 476,164) has been invented 
by Charles L. Blackburn, and put into service for the firm of Merz 
and McLellan in London. In the Blackburn network calculator an 
impedance unit (representing resistance and reactance) consists of 
two three-winding transformers with ratios controlled by tap switches 
and serving to connect magnetically four electrically independent 
circuits, the voltages of which represent respectively in-phase volt¬ 
age, quadrature voltage, in-phase current, and quadrature current of 
the represented network. Such an impedance unit is furnished with 
four six-pole sockets, and the various units are interconnected by 
six-conductor flexible cords and plugs. This seems very complicated 
compared with the conventional form of network analyzer. How¬ 
ever, the Blackburn calculator affords a ready representation of the 
following, all of which are obtained with difficulty on the conven¬ 
tional analyzers: (1) negative resistance, (2) transformer of complex 
ratio one to a for representing simultaneous faults, etc., (3) trans¬ 
former with phase-angle control. 

A large portion of the studies made on network analyzers are con¬ 
cerned with transient stability. In these studies generator swing 
curves are obtained step-by-step. The network analyzers have fa¬ 
cilitated what was formerly themost laborious part of the process, the 
determination of the outputs of the several synchronous machines 
for given angular positions of their rotors. The other parts of the 
process, especially the computation of the changes of angular position 
of the generators in a small time interval, although relatively simple, 
are now the “bottle neck” of the procedure, keeping as many as four 
to six men occupied in contrast to one man operating the network ana¬ 
lyzer itself. I venture the prediction that in the future generator 
swing curves will be drawn automatically on an output table, one 
pencil for each generator. This will be accomplished by an intercon¬ 
nection of a network analyzer and a differential analyzer, two inte¬ 
grators of the latter being used to solve the equation of motion of 
each generator. The electrical output of each generator unit will 
control through a watt relay and servo-mechanism the displacement 
of the first integrator. The output of the second integrator will ro¬ 
tate the phase-angle dial of the generator unit and also actuate a pen- 
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cil. Such an arrangement would greatly speed up a stability study. 
One necessary feature of this arrangement, a generator unit having 
good voltage regulation, has already been developed by the authors 
of the paper. 


H. L. Hazen (Massachusetts Institute of Technology, Cambridge): 
As a preliminary comment I wish to say that the paper by Messrs. 
Kuehni and Lorraine describes a fine piece of engineering equipment 
that has resulted from excellent engineering design. It should aid 
materially in developing the growing appreciation on the part of 
power-system engineers of the great power of an a-c network ana¬ 
lyzer for the study of power-system operation. When these engi¬ 
neers have once experienced the facility with which they can study 
the operation of their system in miniature, they usually become 
enthusiastic about this method of study. 

In this discussion I wish to review the development of such a-c net¬ 
work analyzers by stating in broad terms the nature of the essential 
design limitations in such devices, and to sketch briefly their develop-, 
ment as determined by these limitations. 

After the development of the technique of power-system represen¬ 
tation by static apparatus (reference 6 of the paper) had been made, 
the design of a device which would be effectively applicable to actual 
commercial problems was found to be restricted by two primary 
limitations. The first and most important is that imposed by instru¬ 
mentation. The second, less fundamental but a rather troublesome 
detail for the designer, is imposed by the difficulty of proportioning 
the units—particular.y the inductive-reactance units—to properly 
represent their prototypes. 

The effect of the instrument limitation is clearly shown by a con¬ 
sideration of the three principal designs of network analyzers to date; 
namely, the jointly designed and constructed MIT-General Electric 
Company analyzer erected at MIT, the Westinghouse design, and 
the General Electric design reported in the present paper. 

In the analyzer at MIT the design with the metering originally 
provided was developed around the minimum burden for which a-c 
instruments of good accuracy could be built at the time of its develop¬ 
ment. These burdens were of the order of 1.5 to three milliamperes 
for potential elements, and roughly 0.1 volt for current elements. 
The criterion was adopted that an instrument potential element 
should not impose a burden, in comparison with a five per cent sys¬ 
tem load, of more than one or two per cent, and that an instrument 
current element similarly should not increase the impedance of a 
series element having a five per cent drop by more than about one 
per cent. This indicated current and voltage bases for the device of 
about two amperes and 200 volts, respectively. Assuming the an¬ 
alyzer to be in operation with ten generating stations each capable of 
300 per cent of base output, the power requirement for the board is 
in excess of 12 kva, single phase, which evidently requires a sizable 
main supply generator in order to maintain reasonable voltage bal¬ 
ance on the primary side of the phase-shifting transformers repre¬ 
senting. the generators. This indicated the use of 60 cycles because 
of the cost of substituting a higher-frequency generator for the 75- 
kva, 60-cycle, sine-wave generator already available in the labora¬ 
tory. The limits of error set for this first design were one per cent 
for all units and somewhat lower limits for most of the instruments. 
These tolerances have been found, in the light of subsequent experi¬ 
ence, to be unduly severe—a fact which has enabled the subsequent 
designs to be made somewhat more convenient in operation. The 
original metering equipment in this design was rather show—a con¬ 
dition that, as mentioned below, has been entirely corrected with re¬ 
cent modernization of the metering equipment of this original an¬ 
alyzer. 

While this MIT-General Electric design was in progress the West¬ 
inghouse Company started on a somewhat different attack. They 
reduced the instrument burden by using dynamometer-type instru¬ 
ments and exciting one winding from an independent source that 
could furnish any desirable amount of power. This resulted in a 
sufficiently low burden for the other coil of the dynamometer instru¬ 
ment to. permit its direct insertion in a network whose nominal cur¬ 
rent and voltage are somewhat less than those of the first-mentioned 
design. These instruments have a fast response. Two such instru¬ 


ments were used—one as a voltmeter with a low current requirement, 
and one as an ammeter with a low potential drop. This design uses a 
frequency of 440 cycles, which reduces the weight of the reactor units 
which are necessary to obtain appropriate reactance-to-resistance 
ratios, and also makes practicable reactor units with decade steps. 
This design of board has proved very useful. With the separately 
excited type of instrument the accuracy of readings is directly de¬ 
pendent upon the accuracy of setting of this excitation, both in mag¬ 
nitude and phase, and careful operation is therefore required to get 
good results. Nevertheless the effectiveness of this design is indi¬ 
cated by the fact that a number of such boards are in successful 
operation. 

In the third design—that described in the paper under discussion— 
a quite different instrument technique has been used which has re¬ 
sulted in a very marked reduction in the current base. Specifically, 
the use of precision linear amplifiers in connection with semi-standard 
instrument elements has permitted the reduction of the voltage and 
current bases to the 50 volts and 50 milliamperes mentioned in the 
paper. This use of small base quantities, together with the use of 480 
cycles, has resulted in relatively light, small units, decade steps for 
inductance units, and fast direct-reading instruments. This design 
also has the additional advantage of a low base current; namely, that 
the resistance of the long leads required for central plugging can be 
tolerated. Thus it appears that this third design has succeeded 
in realizing most of the features sought in an alternating-current net¬ 
work analyzer. This new analyzer is about as simple to set up and 
operate as is possible in such a device, remembering that the prob¬ 
lems to be studied are inherently complicated in the sense of involv¬ 
ing huge quantities of detailed numerical data. 

It may be mentioned, however, that this new development—signifi¬ 
cant as it is—has not rendered earlier devices obsolete. The new 
metering techniques are just as applicable to a board such as the 
60-cycle analyzer at MIT. In fact new, fast, direct-reading instru¬ 
ments have been incorporated into this analyzer which are described 
in a paper in preparation for publication. The new instruments, in¬ 
cluding a semi-standard portable wattmeter using a linear, degenera¬ 
tive feedback amplifier in the potential circuit, have been demon¬ 
strated to be sufficiently fast so that the speed at which readings can 
be made on this analyzer is determined not by the time which is re¬ 
quired for the instruments to furnish indications, but by the rate at 
which the data can be reliably recorded. Thus the rate at which 
results are obtained is substantially the rate at which an engineer 
record the readings obtained. This older analyzer requires some¬ 
what more man power (estimated at one assistant operator) because 
the low-impedance base of this device requires interconnecting the 
units, and plugging for the current measurements, at the units them¬ 
selves rather than at a central point. Another way in which this 
older analyzer has required somewhat more time is in the use of cali¬ 
bration charts for the reactance units—a method adopted at the time 
of the construction of this analyzer when smaller tolerances were pre¬ 
scribed than have proved necessary for the usual system studies. 
Now a much faster and simpler scheme of determining reactor unit 
settings is used in which an extreme mis-setting of a un it may amount 
to about three per cent as against about one per cent for the more ac¬ 
curate procedure. This considerably reduces the total time required 
for setting up a system on this analyzer. With the new metering 
equipment which has been in continuous service for some months, 
and the shorter set-up time involved by using the less precise calibra¬ 
tion, the unit at MIT can deliver results very rapidly and, in the 
hands of good operators, remarkably reliable data are secured in very 
reasonable lengths of time not greatly in excess of that required on 
the newer devices. 

In the experience obtained over a period of years in the use of this 
analyzer, both by students of electrical engineering and by the engi¬ 
neers of commercial companies, it has been found that skill ed oper¬ 
ators add greatly to its effectiveness. This is particularly true in the 
case of the use of the board by commercial-company engineers who, 
although thoroughly familiar with the characteristics and peculiar¬ 
ities of their systems, often do not visualize the way that the system 
conditions in which they are interested can be most easily repre¬ 
sented in miniature, or how the information: they wish to secure from 
the analyzer can be most readily obtained. It has been found that 
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the present complement of a skilled operator and an assistant, to¬ 
gether with two company engineers—one to direct the study as a 
whole, and the other to record data—make a very effective crew. 
The directing engineer states what he wants, and the operator de¬ 
termines the manner of obtaining the desired results. With such a 
group it is found that work progresses easily and rapidly, and that 
the mistakes occasionally made are caught before an appreciable loss 
of time is involved. 

Summarizing, I wish to say again that the new development de¬ 
scribed by Messrs. Kuehni and Lorraine represents the excellent re¬ 
sult of first-class engineering design which marks a distinct step for¬ 
ward in the facilities available for studying power-system networks. 
At the same time, older equipment in which advantage has been 
taken of newer metering ideas is still very serviceable and competes 
with the newer equipment on fully equal terms as to accuracy, and 
on nearly equal terms as to time required. 

L. A. Nettleton (Consolidated Edison Company of New York, Inc., 
New York, N. Y.): Mr. G. C. Crossman, of the Consolidated 
Edison Company, and I recently had the privilege of using the 
G.E. network analyzer in connection with some studies of the 
New York Consolidated Edison system. We found the network 
analyzer to be simple to set up and operate. The per cent basis for 
marking the line and load units and instrument scales proved to be 
convenient since our impedance values which had previously been 
established on a 100,000-kva base could be transferred directly to 
the analyzer units with no additional conversion, so that per cent 
watts and vars read directly as megawatts or mega volt-amperes. 

In taking readings, the light beams swing across the instrument 
scales and become stationary almost instantaneously upon closing 
the circuit key. After turning the scale-selector switch to give the 
best scale reading, the voltage, current, and watts are read and the 
wattmeter switch thrown to read vars. One operator could read all 
four quantities on successive circuits as fast as they could be recorded. 
We expected some confusion to result from the large number of scale 
multipliers but in practice there was no trouble. The voltage multi¬ 
plier was unity in practically every case and only the current multi¬ 
plier, which applied also to watts and vars, was recorded with the 
readings. 

The 100- or 150-scale division instruments can be read to about 
one-fifth of a scale division and the phase-angle dials can be set or 
read to about one-fifth of a degree. In comparing the readings of six 
or more circuits tied to a common point it was found that the total 
watts entering that point invariably checked to within one per cent 
of the total watts leaving the point. 

The generator units proved to have very flat regulation, requiring 
only slight readjustment when loading conditions were altered. In 
short-circuit studies it was found convenient to throw the supply 
voltage switch to one-half or one-quarter normal voltage temporarily 
in order to check the short circuit current and insure that no circuits 
would be overloaded on normal voltage. 

The instrument system worked perfectly during the two weeks of 
the study. There is no danger of overloading the ammeter since an 
off-scale deflection automatically short-circuits the ammeter shunt. 

It is sometimes desirable to close two or more circuit keys at the 
same time to meter the combined circuits. However, it occasionally 
happens that two keys are inadvertently closed at the same time, 
joining together two circuits which may be at different potentials. 
Sometimes this causes a generator fuse to blow, resulting in a few 
minutes delay to locate and replace the blown fuse. As this condi¬ 
tion may not be discovered immediately and as it is not always easy 
to determine visually whether or not a fuse is blown, it might be de¬ 
sirable to provide some means for indicating the presence of a blown 
fuse. 

In our studies it was sometimes necessary to consider the effect 
of load-regulating transformers, controlling both voltage and phase 
angle on parallel feeders. The voltage control feature presents no 
difficulties since the analyzer is provided with auto transformers 
which can be connected in the circuit at the appropriate location and 
adjusted to the desired voltage ratio. However, where there is a 
difference in the desired phase angle on parallel feeders the problem 


is not so easy when the system is set up on a “one line” or single¬ 
phase basis. There are several methods of obtaining this difference 
in angle on one of the feeders, but all require considerable adjustment 
before a balance is obtained. In our case the required displacement 
was obtained by one generating unit in series with the circuit and the 
watts or vars supplied to or taken from the circuit by this unit were 
neutralized by another generating unit together with a series sta¬ 
bilizing reactance connected in shunt with the circuit. For each 
change in loading conditions these two generators were adjusted in 
voltage and phase angle until the desired displacement angle was ob¬ 
tained, and until the volts, watts, and vars read the same on each side 
of that point. 

Since these methods require considerable juggling, it would be a 
great convenience in problems involving such load regulating equip¬ 
ment if devices were available that would introduce the desired phase 
angle in a circuit and maintain that phase angle difference regardless 
of voltage or loading. 

G. C. Crossman (Consolidated Edison Company of New York, Inc., 
New York, N. Y.): The increasing size and flexibility of modern 
power systems has created problems which can no longer be solved 
quickly and easily by analytical or even d-c calculating-board meth¬ 
ods but which require for such solution some sort of a-c calculating 
device, such as the network analyzer described by Mr. Lorraine and 
Mr. Kuehni. Continued system growth of many large power com¬ 
panies tends to increase the number of these problems to the point 
where it becomes desirable for these companies to own and operate 
such a calculating device themselves rather than rent existing ones. 
It would seem that the very small currents and high frequency em¬ 
ployed in this network analyzer would present rather difficult main¬ 
tenance problems to such a power company. While most of the 
testing and maintenance of the line, load, and generator units of the 
analyzer could probably be handled by the average test department, 
it would seem likely that the testing and adjustment of the amplifiers 
and master instruments would require rather special instruments 
and special training not ordinarily available in such test depart¬ 
ments. It was not brought out in the paper whether the trimmer 
capacitors on the potential shunt are adjusted once and for all at the 
factory or whether they might require subsequent adjustment; such 
adjustments would seem to require rather sensitive and special in¬ 
struments. 

It would be interesting to know what instruments and general 
methods the authors have used or plan to use for the maintenance of 
their analyzer. 

R. N. Slinger (General Electric Company, Schenectady, N. Y.): 
In their paper entitled “A New A-C Network Analyzer,” Messrs. 
Kuehni and Lorraine have given an excellent description of this 
new device. As one of those who have had occasion to use the 
analyzer extensively since it was placed in operation, I have been 
impressed more and more as time goes on by the many ways in 
which the device can help engineers solve their problems and it would 
seem that a few remarks on this subject might be appropriate. 

Any power company engineer who has been faced with the neces¬ 
sity of obtaining answers to any of the following problems, and par¬ 
ticularly when on an emergency basis, will immediately recognize how 
helpful it would have been to him to have an analyzer available for 
his use. A list of some of these typical types of problems for which 
the network analyzer is especially adapted might include the follow¬ 
ing: 

1. Effect of various amounts of synchronous condenser capacity on bus voltages 
at important stations under both normal and emergency operating conditions. 

2. Determination of best location for new generation. 

3. Determination of best arrangement of station or system connections for 
new generation in order to obtain the maximum degree of system stability and 
investigation of the effect on breaker interrupting duty. 

4. Determination of the actual value of a proposed addition to a transmission 
or distribution system in terms of improved voltage conditions, increased 
stability limits, or reduction in the loading of existing circuits. 

5. Determination of wattless flow around a system and selection of methods 
for reducing it to a minimum. 
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6. Determination of bank ratings in the case of a new transformer bank that 
is to be connected in a loop circuit or a network or the determination of the 
ratings of individual windings of a three winding unit for use in a loop circuit 
or network. 

7. Determination of improvement in system voltage conditions to be expected 
from the addition of a voltage regulating transformer or a phase shifting trans¬ 
former to a loop circuit or a network. 

8. Determination of the time required for a synchronous generator to pull 
out of step after complete loss of excitation and the effect upon the rest of the 
system. 

9. Investigation of the starting and pull-in characteristics of large synchronous 
motors connected to a transmission system at some distance from the nearest 
generating station. 

10. Determination of relay currents under three-phase and unbalanced fault 
conditions, particularly on tie lines during transient disturbances. 

All of these problems can be and are studied in part by tedious 
long-hand calculation methods, but the excessive amount of time and 
labor involved usually places a serious limitation upon the number of 
operating conditions that it is feasible to consider. When such prob¬ 
lems are solved with the aid of an a-c network analyzer, it is possible 
to investigate many different operating conditions in a surprisingly 
short space of time. As a result, studies made in this manner can 
be and usually are much more comprehensive in nature, covering 
not only normal system connections and the variations that may be 
under consideration but also the emergency conditions which un¬ 
fortunately seem to get overlooked in the average long-hand study 
until after these contingencies arise. 

Perhaps it should also be pointed out that once a system network 
is set up on an analyzer, such as the one described by Messrs. Kuehni 
and Lorraine, it is possible to make several different types of studies 
on the system with practically no change required in Idle connections 
except to represent changes in the original conditions. Thus a 
power-flow study may be made on a system in order to determine 
circuit loadings, bus voltages, condenser capacity requirements, etc., 
followed by an investigation of breaker interrupting duties under 
short-circuit conditions. This may in turn be followed by an investi¬ 
gation of transient stability limits or breaker times required to main¬ 
tain stability with certain specified power transfers. During the 
course of the stability study, tie-line currents may be read at trouble¬ 
some relay locations with perhaps a more comprehensive short- 
circuit and relay study made immediately afterward. Thus the engi¬ 
neer responsible for system planning and design is able to obtain a 
much better appreciation than he could otherwise have, of the in¬ 
fluence of existing and proposed stations and equipment upon sys¬ 
tem bus voltages, power flow, stability limits and breaker duty, and 
he can feel considerably more certain that he has not overlooked 
something of importance that should have been taken into account. 

The analyzer which Messrs. Kuehni and Lorraine describe is 
particularly helpful in this respect since it enables the power system 
engineer using it to think in terms of system quantities with which he 
is already familiar, thereby enabling him to keep his thinking 
straight. This is made possible by calibrating the entire analyzer 
including the master instruments in per cent. Thus it is a simple 
matter to interpret the readings in terms of system quantities; for ex¬ 
ample, a reading of 65 per cent watts and 40 per cent vars would rep¬ 
resent 65,000 kw and 40,000 reactive kva, respectively, on a 100,000- 
kva base or half those amounts on a 50,000-kva base. 

This particular analyzer has been in operation only about six 
months but in that time it has been used for ten different studies by 
engineers representing 13 different power companies and industrial 
concerns. The studies have varied in length anywhere from one day 
to four consecutive weeks and have covered practically every one of 
the various types of problems previously listed. It is safe to say 
that these studies have not only solved specific problems but they 
have also done much toward giving a clearer picture of system per¬ 
formance to the respective groups than they have ever had before. 
Furthermore, the results of the studies in some instances were quite 
different than had been expected and occasionally brought to light 
new problems that had previously passed unnoticed. 

H. P. Kuehni and R. G. Lorraine: The authors are highly pleased 
by the reception given this paper. The discussion has been of such 
constructive character as to add materially to its value f The 


growing importance of the analyzer as an engineering tool, particu¬ 
larly for utility engineers, has been stressed. It is gratifying to 
know that those who have used the analyzer described in the paper 
feel that it has the degree of accuracy and the speed, facility, and 
ease of operation that was expected. 

Professor Hazen called attention to the importance of proper in¬ 
strumentation in the design of an analyzer. It is interesting to learn 
that advances in measurement ideas were incorporated in the MIT 
network analyzer to greatly improve the speed of taking readings. 

Mr. Parker has presented a comprehensive statistical analysis of 
the practical types of studies made with the analyzer. Of course, 
the individual studies are not, in general, quite as clean-cut as one 
might be led to believe from his per cent tabulation. In practice 
each study more nearly is a combination of several types, one usually 
leading to another as the occasion arises. Mr. Slinger described 
many of the ways in which the analyzer may be of help to the engi¬ 
neer. 

Mr. Schulze has given an excellent discussion of the salient design 
features which contribute to the ease of operation of the new analyzer 
based upon his wide experience with network analyzers of different 
types. 

There are undoubtedly network studies in which it would be de¬ 
sirable to have available special units to represent phase-shifting 
transformers as suggested by Messrs. Kimbark and Nettleton. 
However, these cases are quite rare at present. Because of the cost 
of such units, it was decided to use generator units for this purpose, 
even though they are admittedly somewhat more awkward to oper¬ 
ate than phase shifting transformers might be. The integrators and 
servo-mechanisms used with generators for automatically recording 
swing curves, which Mr. Kimbark predicts will be integral parts of 
future analyzers, are at present in the same category with the phase- 
shifting transformers. These devices can be and may be incorpo¬ 
rated in the analyzer when there is sufficient economic justification. 

Mr. Crossman is of the opinion “that the testing and adjustment 
of amplifiers and master instruments would require rather special 
instruments and special training not ordinarily available in testing 
departments.” It is the authors* belief that any one familiar with 
ordinary instrument calibration routine methods is perfectly quali¬ 
fied to check and adjust the instrument system by following a few 
instructions of very simple nature. With the exception of perhaps a 
small portable commercial cathode-ray oscillograph of a type which 
are so widely used today, no special instruments are required. 

All adjustments of the instrument circuits, amplifiers, potential 
divider, and current shunts are made initially. Many months of ex¬ 
perience has shown that with normal operation the adjustments and 
the calibration of the instrument system remain quite permanent 
over long periods of time. The parts which may require re-adjust¬ 
ments are designed to be easily accessible and are equipped, for ex¬ 
ample, with rheostats, trimmer capacitors, or test connection facil¬ 
ities. 

In view of the stable performance of the instrument system, oc¬ 
casional simple routine check tests should suffice to indicate that the 
instrument system is in order. For this purpose a portable voltmeter 
calibrated at 480 cycles may be used together with the measured re¬ 
sistance part of a circuit unit to indicate that the light-beam volt¬ 
meter, ammeter, and wattmeter read correctly. 

The potential divider and current shunt phase angles may be 
checked and if necessary adjusted with the aid of the analyzer mas¬ 
ter wattmeter, knowing that the power into an analyzer capacitor 
unit is negligibly small. 

The amplifiers have simple rheostat and capacitor adjustments for 
matching the amplifier input and output in magnitude and phase 
angle. The cathode-ray oscillograph mentioned above, connected to 
a suitably located amplifier test jack, is merely used as a sensitive 
high-impedance null instrument to adjust the output-input voltage 
differential to zero. 

In regard to maintenance of the rest of the analyzer circuits and 
units, it simply consists of checking and correcting with the analyzer 
master instruments any abnormal circuit performance. The con¬ 
servative design of the elements comprising the circuit units and the 
low resistance contacts and connecting leads assures that the cali¬ 
bration of these elements remains very stable. 
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Subharmonics in Circuits Containing Iron-Cored Reactors 


By 1RVEN TRAVIS C. N. WEYGANDT 

ASSOCIATE AIEE ASSOCIATE AIEE 


Synopsis: The performance of a series circuit consisting of a resistor, 
a capacitor, an iron-cored inductor, and a sinusoidal impressed volt¬ 
age is specified by the non linear differential equation 

dt di 1 T 

~ -h ri + L — + — J i dt — E sin (t + 6) * 

in which t is an odd function of i. Particular solutions of this equa¬ 
tion, showing the effect of varying boundary conditions, are obtained 
by means of the differential analyzer. An approximate analytical 
method for determining the types of oscillations possible in this cir¬ 
cuit is developed. Results obtained by this method are compared 
with differential analyzer solutions. 


installations. This aspect of the problem was treated in 
some detail in a recent paper by J. W. Butler and 
Charles Concordia. 26 

I, Statement of the Idealized Problem 

This paper is limited to considerations of the simplest 
known circuit which exhibits the phenomenon. This is a 
series circuit consisting of a constant resistance, a con¬ 
stant inductance, a constant capacitance, and an inductor 


Introduction 

T HE BEHAVIOR of circuits involving iron-cored in¬ 
ductors, which saturate so that their reactances can¬ 
not be considered constant, has been studied for 
many years. Bethenod 1 in 1907 and Martienssen 2 in 1910 
both noted that in such circuits more than one sustained 
value of current could be obtained for the same value of 
applied voltage and the same circuit parameters. The 
current obtained in a given case was found to depend on 
the way in which the phenomenon was initiated. In 
1926, Mauduit 6 obtained oscillograms in which the princi¬ 
ple component of current had a frequency which was a 
submultiple of the frequency of the applied voltage. Such 
a component of current will be referred to as a subharmonic . 
Mauduit’s circuit was studied more completely by Fallou, 7 
who suggested that such an arrangement could actually 
be used as a frequency divider. 

Pederson, 8 who has made a very thorough study of sub¬ 
harmonics in linear circuits in which the parameters vary 
periodically with time, also mentions the possibility of 
obtaining subharmonics when the inductance varies with 
the current. 

Recently, the increasing use of series capacitors to over¬ 
come the inductive drop in transmission systems has re¬ 
vived interest in subharmonic oscillations. In this case 
it is desirable to know the range of circuit parameters for 
which these subharmonic oscillations can exist, and the 
kinds of shock excitation which may initiate them, so that 
they can be avoided in the engineering of series capacitor 

Paper number 37-93, recommended by the AIEE committee on basic sciences 
and presented at the AIEE winter convention, New York, N. Y., January 24-28, 
1938. Manuscript submitted July 30, 1937; made available for preprinting 
November 27, 1937. 

Irvbn Travis is assistant professor of electrical engineering and C. N. Wey¬ 
gandt is instructor in electrical engineering at the Moore School of Electrical 
Engineering, University of Pennsylvania, Philadelphia. 
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Figure 1. Ideal¬ 
ized circuit 



which varies due to magnetic saturation of its core. A 
sine wave voltage of unvarying maximum value is im¬ 
pressed. This circuit is shown in figure 1. 

The following idealizing assumptions regarding the in¬ 
ductor will be made: 

1. The winding resistance and distributed capacitance are equal to 
zero. 

2. All hysteresis effects in the inductor may be neglected. Hence 
the saturation curve is a single-valued function. 

3. There are no eddy currents in the core. 

Any resistance actually present in the inductor may be 
lumped with the external resistance. Consistent with these 
assumptions the voltage across the reactor may be ex¬ 
pressed as: 

dt 
6 = dt 

where \(/ is the flux linkages of the inductor. The flux 
linkages and the current through the inductor are related 
in the way expressed by the familiar B-H curve of a circuit 
containing iron. Since this relationship is an odd func¬ 
tion, the current may be expressed by the series 

i = ait + ast 3 +- + +- ( 1 ) 

The equation of the circuit is 
di 1 C dt 

ri + L — + idt -f — = E sin 0 + 9 )* (2) 

* The treatment in this paper is entirely mathematical; the symbols r, L, i 
etc., may be regarded as representing the physical quantities in any consistent 
unit system including per-unit. 
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Figure 2. Experimental saturation curve and the straight- 
line approximation used in this paper 

The problem is to determine under what conditions sus¬ 
tained currents of frequency lower than the impressed 
frequency can exist and to calculate the values of such 
currents. 

II. The Effect of Initial Conditions 
in Linear and Nonlinear Circuits 

The term linear circuit will be used to describe an elec¬ 
trical network the performance of which may be specified 
by of a differential equation having coefficients 

which are not functions of the dependent variable, i.e., the 
coefficients are constants or functions of time only. 

The term nonlinear circuit will be used to describe any 
circuit to which these conditions do not apply. 

Equation 2 evidently may be transformed into a differ¬ 
ential equation of the second order. Since if/ contains i 
to powers other than the first, the equation is nonlinear. 
It can be proved by application of the Lipscbitz 86 condi¬ 
tion that there exists one and only one solution of this 
equation corresponding to a given set of initial conditions. 

Before considering the solution of the nonlinear equa¬ 
tion let us recall the nature of the solution of a similar 
linear differential equation with constant coefficients. 
Here it is well known that the solution corresponding to 
any set of initial conditions is unique. The solution con¬ 
sists of two parts, a complementary function and a particu¬ 
lar integral. In the case of a second-order equation, the 
complementary function contains two constants which 
depend upon the initial conditions whereas the particular 
integral is independent of the initial conditions. In equa¬ 
tions representing practical electric circuits the comple¬ 
mentary function dies out as time goes on, so that after 
sufficient time has elapsed the solution of the equation, 
for all practical purposes, is given by the particular integral 
alone. Therefore, in a circuit having constant parameters, 
the current which flows after a time long compared with 
the. time constant of the circuit is independent of the initial 
conditions. This current is ordinarily called the steady- 
state current. That part of the current which becomes sen¬ 
sibly zero after a sufficient interval of time, is called the 
transient current. The division of the total current into 
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steady-state and transient components is possible mathe¬ 
matically by virtue of the property peculiar to linear 
differential equations known as superposition. 

In nonlinear equations this principle of superposition 
does not hold; the solution for any value of the independ¬ 
ent variable, however large, will in general depend upon the 
initial conditions. Physically, this means that the current 
which flows in a nonlinear circuit a week after the switch 
was closed may depend on the phase angle of the impressed 
voltage at the instant of closing the switch. An example 
of this, in a special case where an analytical solution is 
possible, is given below. In many physical systems the 
solution after a relatively short interval of time has elapsed 
is periodic. It is therefore possible, by extrapolating this 
periodic solution back to the instant at which the phe¬ 
nomenon was initated, to split the solution into two parts, 
the periodic part which may be called a steady state, plus a 
part which dies but rapidly with time and hence might 
appropriately be called a transient. 

Neither of these separate parts can be derived inde¬ 
pendently fr om the differential equation and the specified 
boundary conditions, as is possible with linear circuits. 
Furthermore, there is no reason to expect the periodic 
part to be independent of the initial conditions. This re¬ 
vision of the usual concept of “steady state” and “transi¬ 
ent” is necessary if the terms are to be applied to currents 
which flow in nonlinear circuits. 

Example Showing 

the Effect of Initial Conditions 

Consider equation 2 in the special case when E = 1; 
r = 0 ; if/ = Ki l/t : 

£ * + if,* + JC « (3) 

dt CJ dt 

Now let us assume the solution 

ia = A 8 cos* pp “ [ 3 cos “g” + cos (l + (4) 

where A is an undetermined coefficient. 

Substituting the value i a from (4) in (3) and equating 
coefficients of sines and cosines of like multiples of (t + $) 
the following relationships can be derived: 



Now let us assume another solution: 

4 = B* cos’ ({+«)= ^ J^3 cos (l + 6 ) + cos 3 (i + 0) J (6) 

In the same way this gives rise to the relationships: 

i+ra-fi" [t-i] 


“-i c 


(7) 
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Any set of values of the parameters L, C, and K, which 
satisfies both the relationships (5) and (7) will form an 
equation having at least two solutions of the forms (4) 
and (6). 

Such a set of values is: 


0.1 


- = 0.9 
K - 17.5 


Equation 3 then becomes: 


di 

0.1- +0.9 


J'idt + 17.S 


dt 


sin (t + 0) 


The two solutions are: 

ia = [—1.39 cos (t + e) + 0.469 cos 3 (< + 0)] X KT 4 
*b => 3.75 cos + 1.25 cos (/ + 9) 

O 


( 8 ) 

W 

( 10 ) 


That these are both solutions may be readily verified 
by substituting them in (8). They are entirely different 
in character, as one contains a term of higher frequency 
than the applied voltage, and the other a term of lower 
frequency than the applied voltage. 

If the origin of time is taken as the instant when the cur¬ 
rent is passing through zero, we have for (9) the boundary 
conditions: 


3t 

2 


to — 0 


The corresponding boundary conditions for (10) are: 

*o =* 0 qo = —10.0 


3t 

¥ 


$L , i C. 

dt + C J * 


dt » E sin t 


from which 


^ » —jg cos t 


-!//• 


dt*+K 


and since for t = 0 we have ^ = 0 and i = 0 it follows 
that K = E, hence 


\f/ »= E (1 — COS t) 




dt 2 


( 12 ) 


The magnetization curve representing ^ as a function 
of i will be taken as shown by the solid curve in figure 2. 
The value ip s is the flux linkages at the knee of the curve. 

Since the current during operation on the unsaturated 
portion of the $ versus i characteristic is negligible, no ap¬ 
preciable current flows until ^ = \f/ s . From the closing 

of the switch until ^ = \j/ s the integral ^ f fi it 2 is there- 

fore negligible and is given nearly enough by ^ — 12(1- 
cos t). The end of the interval during which this holds is 
indicated in figure ZB by 7V The value of T x is given by 


Ti =» cos 




(13) 


Above the saturated value & the saturation curve may, 
to a reasonable approximation, be represented by a straight 
line. Let L* be the slope of this line and let X be the time 
measured from the instant 2V Then during the succeed¬ 
ing brief interval the differential equation 


go = 0.000124 


.d± , l C . 

J dk + CJ * 


d\ = E sin (X -}- 2\) 


If the switch were closed at the instant at which the 
voltage is at a negative peak and with an initial charge 
of —10 on the capacitor, the solution is given by equation 
10. If the switch were closed at the instant at which the 
voltage is at a negative peak and with an initial charge of 
—0.000124 on the capacitor, the solution is given by equa¬ 
tion 9. In general, if there were any other initial charge 
on the capacitor, or if the switch were closed at any other 
instant of time, a still different solution might be expected. 

HI. Physical Mechanism 
of Subharmonic Production 

The physical nature of the phenomenon of subharmonic 
production is readily visualized if we consider the behavior 
of the circuit during the first few cycles after closing the 
switch. For simplicity let resistance be neglected, and 
let the boundary conditions be those of equilibrium. Let 
the phase angle 0 be taken equal to zero. If the flux 
linkages in any constant inductor are included in \p, the 
di 

term L *— does not appear, hence we have: 
dt 


holds, subject to the boundary conditions: 
X — 0 i m 0 

The general solution of equation 14 is: 
CE 


(14) 


0. 


LC 


“sin ^X + Ti ^ + A cos X + (15) 


For the purpose of this illustration it will be sufficient to 
restrict the solution to the case in which the negative 
sign is taken in equation 15. This corresponds to the 

physical case of £>—. Inserting boundary conditions in 


(15) we have 


CE 


1 - LC 


cos(X + Ti) 


'■>-rrEc# 


VLC(E - + v, (2 E - ft) X 

. f x _! J <h (2E — <h) . 

’LV'Zc + ) 


cos 


( 11 ) 


This equation holds only until the flux linkages are re¬ 
duced to the value At this time the current effec¬ 
tively stops and whatever charge has been accumulated 
on the capacitor is trapped there until the flux linkages 
again reach the value * i/v During the interval from Ti 
to the instant at which current stops flowing, the value 

of \p is given by equation 12, in which the term — f f i it 2 

* Note that L as used in this section is the sum of the saturated inductance of 
the reactor plus the external linear inductance. 


August 1938 , Vol. 57 


Travis, Weygandt—Subharmonics 


Transactions 425 



must be evaluated by substitution of the proper function 
for i. However, after the charge is trapped on the capaci¬ 
tor, this term becomes ^ t. Hence the flux linkages are 
given by the expression 

(17) 


f = E(1 - COSt) - -gt - fa 

where p a is the value of flux linkages corresponding to 
J'J'i dt 4 when current ceased to flow. It is evident that 
equation 17 represents an oscillatory flux linkage which has 
a negative component proportional to time. A value 

^11 therefore be reached in a time which is short if 
Q is* large and relatively long if Q is small. It is possible 
that Q may be so small that several cycles of the impressed 
frequency may have elapsed before another pulse of cur¬ 
rent occurs. It is the trapping of charge on the capacitor E = Q 7 
which gives rise to subharmonic oscillations in circuits of 
this type. 

IV. Summary of Available Methods of Solution 

Step-by-step methods such as that given in the preceding 
section are very laborious and give the solution only for 
the parameters and initial conditions for which they are 

carried out. Such methods, however, have the advantage 

of shedding some light on the physical nature of the phe¬ 
nomena which the equation describes. 

The differential analyzer furnishes a very convenient 
method of solving equation 2. While analyzer solutions 
are subject to the same limitations as those obtained by 
the step-by-step method, in that each solution is good 
only for the parameters and initial conditions for which it 
is made, the labor of carrying out a solution is not great. 
Therefore, it is possible, by carrying out a large number 
of particular solutions, to generalize to a certain extent. 

A severe limita tion of this method arises from the fact that 
the analyzer insists on giving the whole solution, including 
the transient, and refuses to produce a steady state until 
the transient has died out. In circuits in which the damp¬ 
ing is slight, which unfortunately are those of greatest in¬ 
terest, this involves a considerable loss in time as well 
as a sacrifice in accuracy due to accumulated errors in runs 
of long duration. 

The various other methods which have been applied to 
nonlinear circuits, Taylor’s series expansion, isocline and 
other graphical methods, the analytical method of Kry- 
loff, etc., do not seem to be of very great value in the solu¬ 
tion of the present problem. • 

Recursion formulas for the boundary conditions which 
may produce subharmonics are developed in the appendix. 

This method is an extension of the method used by Boy- 
ajian 17 for calculation of this circuit when the initial con¬ 
ditions are such as to produce no subharmonics. The 
method suffers from the fact that a considerable idealiza¬ 
tion of the problem is necessary in order to carry out the 
mathematical details, but has the peculiar advantage, 
not found in other analyses of the problem, of expressing 
t he possible steady states in terms of the circuit parameters 
without regard to the method of initiating the phenomenon. 


Although not applicable to all cases of subharmonic pro¬ 
duction, this scheme seems to be the most powerful yet 
developed in those cases where it applies. A combination 
of differential analyzer and recursion formula solutions, 
the differential analyzer to give the solution in the initial 
period and the recursion formula to give the solution after 
a considerable elapsed time, is perhaps the most revealing 

analysis possible at present. 

In figure 3, a comparison of solutions by the differential 
analyzer, step-by-step calculations, and by the recursion 
formula method given in the appendix, is shown. 

Figure 3 A shows the current, applied voltage, flux link¬ 
ages, and charge on the capacitor as obtained by the differ¬ 
ential analyzer. In this case, the relation between f and i 
is that shown by the solid curve in figure 2. The other 
parameters are 


L = 0.197 


C « 4.66 


It will be noted that at time T B all the quantities have 
substantially the same values as at the time T A . There¬ 
fore, from the point T s on, the curves will be a periodic 
repetition of the portion from T A to T„. The parts of 
the curves from the start to the point T A contained tran¬ 
sient portions of the solution in the sense in which the 
word is used in this paper. After point T A , the solutions 
are steady state in the sense in which the term is used here. 

The curves in figure 3J3 were obtained by the step-by-step 
method used in the preceding section to illustrate the 
physical nature of the phenomenon. For this calculation 
it was assumed that the resistance was negligible. The 
value of the flux linkages at the knee of the saturation 
curve was taken to be = 1.15. The value of inductance 
used was the sum of the external inductance and the 
slope of the saturation curve above the knee; this value 
was tak en as 0.197 + 0.303 = 0.500. The three terms of 
equation 17 are shown by the dotted curves; the resultant 
flux linkages are shown by a solid curve. This method 
could be carried on indefinitely, or until at the end of some 
interval all the boundary conditions were found to be the 
catno as at the end of some previous interval, in which case 
the remainder of the solution would of course be a repeti¬ 
tion of the part between points of indentical boundary 

conditions. , 

In order to eliminate a prohibitive amount of piece-by- 
piece calculation to find repetitive boundary conditions 
(quite conceivably for certain circuits and initial conditions 
none might exist) the method worked out in the appendix 
is used for calculating the steady state. This yields the 
curves shown in figure 3 C. The solution turns out to be a 
subharmonic oscillation designated in the appendix as the 
third kind. A comparison with the upper curves shows 
tha t the agreement with the analyzer solution is very good 

in spite of the idealizing assumptions made. 

Appendix—Recursion Formulas for 

Steady State Subharmonics 

In order to circumvent mathematical difficulties, resistance will 
be neglected in this analysis. Further it will be assumed that the 
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Figure 3 


OV).Differential-analyzer solution of 

the equation 



0.7 sin l - omi - 


0. HI? 


di 

tit 


0.214 



(8) Approximate check of analyzer 
solution by step-by-step calculation 


(O - Approximate steady-state solu¬ 
tion calculated from recursion rela¬ 
tions 
Seal os: 

Flux linkage is shown in per unit 
Time is shown in radians of the im¬ 
pressed sinusoid 

To obtain current in per unit multiply 
scale shown by 0.542 
To obtain capacitor voltage in per unit 
multiply scale shown by 0.27 
Maximum value of impressed voltage 
in 0.7 per unit 



magnetization curve of tin* reactor may be represented by the dotted 
straight lines shown in figure 2. The curve consists of three portions 
Iabh'd in the figure a, h, anrl c. Curve a consists of the \p axis between 
the values —fa and fa. For curve h we have \p ** Li 4* fa, t > Ik 
For curve c we have ^ ** Li — fa, i < 0, 

L Operation on Curve (a) 

When operation is on the p axis the current is zero, hence the 
charge is constant. The flux linkages are given by the equation 


S' + ? ■*““ 


Integrating 

~ E cos l 


&t + K 


(18) 


(19) 


in which Q, is the charge trapped on the capacitor at the start of 
operation on (a). If at the start t -> T t and ^ “ to, we have 


K ** fa + jS cos 7i + 


Q*To 


( 20 ) 


lA ■> — E cos l 


|?<+*. + 25co S 7y+^ 


( 21 ) 


II. Operation on Curve (b) or (c) 


L — 
dt 

and 


E sin t 


E 


sin l + At + B 


Let the boundary conditions be taken as 
l 335 T k q ** -Qk 

then we have 
E 


i es 0 


A ~ 
and 
B * 


L 


cos T k 


-Q k +|sinr*-^pc OS r i 


( 22 ) 


(23) 


(24) 


(25) 


(26) 


The general expressions for the charge and current during opera¬ 
tion on (b) or (c), in terms of the boundary conditions for any given 
traverse of (b) or (c), are 


The general expression for P during operation on (a), in terms of 
the boundary conditions for any given traverse of (a), is 


(cos T k — cos t) 

(sin Tk — sin i — Tk cos Tk + t cos 7*) — Qk (28) 


III, Time Interval and Change in Charge 
During One Excursion in the Saturated Region 


Assume that the capacitance has small effect in comparison with It will be assumed that when i becomes zero, operation on the satu- 
the inductance when operation is on either curve (6) or (a). Then rated portion of the characteristic ceases (in exceptional cases this 
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need not be true). Let T k + i be the instant of time at which this 
occurs. 


From (27) 
cos 7*+ i — cos Tk 


(29) 


The instant T k + 1 occurs later than T kf but not more than 2ir later. 
It will be convenient to express T k as . l. 

X k = 2rir + 0 where —r < 0 < t (30) 


from which it follows, that 
T k + i * 2(r + I)*- - 0 
=s 2rr — 0 


0 > 0 
0 < 0 


and the time of excursion in the saturated region is 

T k + i - T k = 2(v - 0) 0 > 0 

= -20 0 < 0 


(31) 


The current which flows in the saturated region and the interval 
for which it flows depend upon the value of 0. Tins is shown in 


0 <P<f 

f <J3<tf 



INTERVAL* 

2&r-$ 

2[ir-/3] 


Figure 4. Types 
of current pulse 
during an excur¬ 
sion in the satu¬ 
rated region 



.nframv. into the negative saturated region must be an odd multiple 
of r + /3. That is 

0 + 2(t - /3) + S - 0 + (2« + 1)t 

where » - 1,2,3,. Comparing this expression with (34) it is 

seen that fi must be an odd integer. Oscillations of this kind are 
all odd subharmonics. Equation (32) gives the value of Q k in terms 
of the angle 0 if we impose the condition Qk+i = Qk (since -Qk 
was taken as the charge during travel up the P axis), 

Q k = y [sin 0 + (r — 0) cos 0] (3S) 

la 

If the boundary conditions corresponding to one travel up the ^ 
axis are inserted in (21) we have 

* = +S 

Qo = -Qk t = 2rv + 0 

To = (2 r - si + 2)v - 0 0 > 0 

2p s =* £[cos (0 + snr) — cos 0] + [20 + (si — 2 )t] (36) 

Substituting (35) in (36), we have 

= —2LC cos 0 + [20 + (si — 2)x][sin 0 + (v - 0) cos 0) (37) 
E 

The alignment chart figure 6 gives solutions of this equation for 
various values of the parameters. In this chart 


A 


2LC+, 

E 


B = 2 LC 


m = Si — 2 


The dotted line in figure 6 gives a representative solution. In this 
case A - 5.75 and B » 5. For w = 1, we have two values of 0, 
10° and 102®. For m — 3, we have one value of 0, 134°, etc. 


V. Subharmonic Oscillation of the Second Kind 


figure 4. The change in charge due to the current flowing during this 
interval may be calculated from (28): 


Another type of oscillation encountered experimentally is that 
shown in figure 7. This type corresponds to the route over the satu¬ 
ration curve outlined in the figure. In this case the charge —Q k 
which exists at the instant T k , is removed due to the flow of current 


Q k +1 * — [sin 0 4“ (it - 0) cos 0] — Qk 0 > 0 
A 

= — [sin 0 - 0 cos 0] — Qk 0 < 0 (32) 

L 

IV. Subharmonic Oscillation of the First Kind 

One type of oscillation which may occur involves one excursion 
in the saturated region with positive current, one excursion down the 
$ axis, one excursion in the saturated region with negative current 
and finally one excursion up the p axis to the beginning of a new cycle. 
Due to symmetry the charges must have the same magnitude but 
opposite signs in two successive excursions along the P axis. Such 
a cycle is indicated in figure 5 in which T k has been chosen as the 
instant of time at which operation starts on the saturated portion of 
the characteristic with positive current. The angle 0 is therefore re- 
stricted to positive values. 

The time interval for one complete cycle is equal to 

T = 4(r - 0) + 2« 0 > 0 (33) 

where a is the time for one traverse of the P axis. Since for a sub- 
harmonic the period T must be given by 

T = 2six 

we have 

i; = 20 4- (*i — 2)v 0 > 0 (34) 

Further since the oscillation is assumed symmetrical, the angle of 
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in the interval (T k + j — 7*), so that during the interval ( T k + 2 — 
+ i) the charge on the capacitor is zero. The value of the order 
st of the subharmonic may be calculated as follows: 


Half period « ( T k+ < - T k ) = (7* + 4 - 7* + 8 ) + (T k + 8 - 

7"a:+ j) + (r*+ 2 — r*+ 1 ) + (t*+ x — r k ) 

Sit » 2/5 + (* - 2)x + 2(ir - 0) + 2/5 + 2(ir - 0) 


Hence St is equal to (ji + 2); Sa is therefore an odd integer. 

In the first type of oscillation the charge is reversed each time cur¬ 
rent flows; in the oscillation of the second kind the first pulse of cur¬ 
rent after an excursion along the \p axis reduces the charge to zero 
and the second pulse charges the capacitor to a value equal and op¬ 
posite to the original charge. Therefore equation 35 must be re¬ 
written 


„ 2E , 
Qk = T l 


P + (v — 0) COS jff] 


(38) 


Equation 36 remains unchanged. However we wish to express (36) 
in terms of Sa; 

2*, = E [cos (0 + sj*-) - cos 0] + [2/S + (* - 4) tt] (39) 

Substituting (38) in (39) we have: 

LC\p s 

2 « — LC cos 0 + [20 + (s 2 — 4)v][sin 0 + (t — 0) cos 0] (40) 



Solutions for various values of the parameters are given by the align¬ 
ment chart figure 6. In this chart 



B - LC 


m = $ i—4 


VI. Oscillation of the Third Kind 


a greater positive charge Q k + i is put on the condenser. Hence we 
have 

212 

Qk + Qh+ i - — [sin 0 + (t - 0) cos 0] (41) 

If the two current pulses are to be the same, we have 


It sometimes happens, as in figure 3, that the condenser charge 
accumulated during the transient causes the two portions of a cycle 
to be unsymmetrical. As before let T k be the instant of time at 
which operation starts on the positive saturated portion of the char¬ 
acteristic. The charge during the interval preceding T k was —Q k . 
During the interval T k + x — T k the negative charge is removed and 



Figure 6. Alignment chart for the equation 

A + B cos 0 — (20 + pit) [sin 0 + (r — p) cos /S] — 0 


T k + t - T k = 0 + s't where s' is an odd integer (42) 
and also 

T k + 4 — T k + 2 = 0 -f s"t where s" is also an odd integer (43) 

If Qk + i > Qk, as assumed, then s' which includes a passage along 
the i p axis with charge Q k + i will be smaller than s* which includes 
a passage along the yp axis with a charge of Q k ; we have 

2(t - 0) + 6' «= s't 
2(t — 0) + 6* *= s't 

where 5 / and 5" are the two time intervals on the yp axis. 


- 20 + (s' - 2) w (44) 

a' - 20+(s* - 2)w (45) 

The flux linkage equations become 

2fc - -2 E cos f) + ^ [2/3 + (s’ - 2)x] (46) 

2^3 - -2E cos 0 + [2/J + (s' - 2>) (47) 


If we let A be the unbalanced charge and Q be the charge which is 
reversed at each current pulse we have 

Qk « - A 

Qjb+i * Q + A (48) 

Subtracting (46) from (47), it follows that 
A (s* -sW 


2[20 + ( j , - 2)r] 

s' + s" 

in which s t = —-— is the order of the subharmonic. 


(49) 
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Q may be obtained from (41), hence 

(s’ - *yg[sin + («• - g) cos g] 
1 “ 2L [2/9 + (s, — 2M 

Adding (46) and (47), we obtain 

[20 + (s A - 2)t]<2 


j^ ( + £ cos 0 


2C 


(s' - jQit 
4C 


(SO) 


(51) 


Hence 

2LGh 

E 


+ 2LC cos 0 


[20 + (s 8 — 2)ir][sin /3 4* (** — 0) cos 0]- 
tH.s" — jQ* [sin ft + (vr — ft) cos 0] 


S[20 + (* - 2)ir] 


(52) 


Comparing (52) with (37) it is seen that the solution for oscillations 
of the third kind is like that for oscillations of the first kind except 
for the correction term due to A. When s* is equal to s' (52) re¬ 
duces to (37) as should be expected. 
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Discussion 

Ernst Weber (Polytechnic Institute of Brooklyn, Brooklyn, N. Y.): 
In explaining the production of subharmonics in circuits containing 
iron-cored inductors the authors employ, in addition to the differen¬ 
tial-analyzer attack, two phases of theoretical attack. The more 
important and most interesting one is the region-by-region method, 
substituting three straight lines for the nonlinear characteristic of 
the iron-cored inductor. Particularly happy is the concept of the 
"trapped” charge on the condenser which is amply confirmed by the 
results obtained with the differential-analyzer. 

Less convincing is the attempt to show by a direct analytical 
attack the effect of initial conditions upon the "steady state" 
response of the nonlinear circuit. The circuit analyzed consists of a 
capacitance C in series with a linear inductance L and a nonlinear 
inductance of flux linkages t = Ki^ z , and having an applied voltage 
l.sin (t + 6), the time measured in radians. The circuit is treated 
* as nondissipative, that is, disregarding resistances and this feature 
invalidates most of the reasoning. In order to show that the analysis 
cannot be valid, let us apply the authors’ reasoning to a linear circuit 
of the same type. Then the flux linkages $ can be expressed as ^ = 
KJL and, in differentiating, can be combined with the first term 
Ldi/dt so that one obtains 


(Z + K) J t + ~ J idt - sin (t + 6) 


( 1 ) 


Assume now that the solution of (a) consists of an n 'th harmonic 
current in addition to the current of impressed frequency, 

i a *» A cos (t + 0) + B cos n(t + 0) (2) 

where A and B are undetermined coefficients. Substitution of (2) 
and equating coefficients of sines of like multiples of (t + 0) leads to 
the two conditions: 


B 


[.< 1 + *>-£]-. 
[l_ (i+r >].. 


(3) 


Obviously the first condition (3) can be satisfied by letting the term 
in brackets vanish, that is, choose 




giving 


A “ T-v 

n 2 — 1 

so that the solution finally is 


(4) 


n 2 C 
n 2 ~ 1 


cos (t + 6) + B cos n (t + 0) 


(5) 


where B can take any value whatsoever. What is the meaning of 
two frequencies in this steady-state solution for a linear circuit with 
single impressed frequency? 

The explanation lies in the following facts: (1) resistance has 
been disregarded; (2) the parameters have been chosen to satisfy 
the resonance condition (4) for the n’th harmonic, making this a 
proper frequency of the circuit; (3) in a nondissipative circuit zero 
voltage can produce a current of arbitrary magnitude if resonance 
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exists; (4) in a nondissipative circuit the application of any voltage 
initially different from zero will excite a steady a-c current of the 
proper frequency which can persist indefinitely. 

Now, the authors follow in the case of their nonlinear circuit 
exactly the same procedure as outlined above for the linear circuit. 
Since they assume for the flux linkages the law =* K%^ t the intro¬ 
duction of the third harmonic (sub- or super-) is natural. Their 
solution does, therefore, not give the steady-state term but includes 
an involuntary a-c steady transient term as well. The nonlinearity 
hides this fact, particularly since the amplitude of the harmonic 
must have a special value in order to be able to satisfy the nonlinear 
differential equation. The conclusion of the authors that there 
can exist entirely different characteristic responses to an applied 
a-c voltage for different switching angles is not justified. In fact, 
experience shows that the final steady state as seen in oscillograms is 
typically the same for various switching angles, though not neces¬ 
sarily of exactly the same form. Otherwise any practical use of the 
relay circuits based upon the critical features of the ferroresonant 
element would be incomprehensible. 

I. A. Travis and C. N. Weygandt: Doctor Weber shows that in a 
linear circuit with an applied voltage there can exist two sustained 
sinusoidal components of current having different frequencies, if 
resistance be neglected. One of these components has the frequency 
of the applied voltage whereas the other has a frequency dependent 
on the inductance and capacitance in the circuit but not dependent 
in any way upon the initial conditions. The initial conditions de¬ 


termine the maximum value of this component but do not influence 
the frequency. 

In the nonlinear circuit given in part II of the paper there can be 
many solutions involving many frequencies. Of these we give two, 
which happen to be readily expressible in trigonometric form. The 
essential thing is that these solutions show that in a circuit with a 
given capacitor and nonlinear inductor, components of current 
having entirely different frequencies may flow depending on the 
initial conditions. Thus equation 9 is a solution containing a funda¬ 
mental and a third harmonic, while equation 10 is a solution for the 
same circuit containing a fundamental and a orie-third harmonic. 
In a given single mesh linear circuit such as that described by 
Doctor Weber it is impossible to get more than one frequency in 
addition to that of the applied voltage and this frequency is never 
dependent upon the initial conditions. The only special attribute 
of the one-third power with reference to these two solutions is that 
they are the only two expressible in simple form. Many other 
solutions were actually obtained on the differential analyzer, which 
had frequencies in no way related to the number three. 

The question as to whether or not the solutions (9) and (10) 
contain “involuntary steady transient” terms, which might die out 
if resistance were considered is one which the authors cannot answer. 
The whole question of stability of subharmonics is one with which the 
present investigation did not concern itself. It is, however, be¬ 
lieved that circuits having resistance exist in which can flow currents 
of frequency dependent on the initial conditions, and which so far as 
oscillographic study is concerned have every right to the name steady 
state. 
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Recovery-Voltage Characteristics of Typical Transmission 
Systems and Relation to Protector-Tube Application 


By R. D. EVANS 

MEMBER AIEE 

Introduction 

T HE SUCCESSFUL operation of an arc-interrupting 
device requires that the insulation recovery-voltage 
characteristics of the device be higher than the re¬ 
covery-voltage characteristics of the system. A broad 
understanding of the recovery-voltage problem from the 
application point of view, requires a knowledge of the 
effects caused by the range of systems, by the different 
typ es of faults and the different fault conditions en¬ 
countered in practice. With this object in mind an 
investigation was undertaken to provide a general picture 
of the recovery-voltage characteristics of transmission 
systems. 

In order to carry out this investigation consideration 
was given to the several possible modes of attack which in- 


SOURCE 



Figure 1. Schematic diagram of system selected for study 

Group I—Solidly grounded at both ends. Used for curves of figure 6 
Group II—Reactance grounded at sending end; ungrounded at receiving 
end. Used for curves of figure 7 

dude analytical, fidd-test, and a-c calculating-board 
methods. Analytical methods are of limited value for 
such a study because of the involved nature of the prob¬ 
lem, the range of conditions, and number of cases which 
must be considered. Field tests, although providing re¬ 
sults of value as benchmarks, are of restricted use because 
it is impractical by this means alone to study an adequate 
number of conditions with suitable range of system con¬ 
stants and fault conditions. Because of these limitations 
in analytical and fidd-test methods, this investigation has 
been carried out by the a-c calculating-board method, 
described by the authors in a recent paper. 1 

It is proposed in this paper to present the results of 
general analyses made on a number of typical transmission 
systems subjected to faults of such a type that their 
d oarin g restores the systems to the original circuit con- 

paper number 37-132, recommended by the AIEE committee on power trans¬ 
mission and distribution and presented at the AIEE winter convention, New 
York, N. Y., January 24-28, 1938. Manuscript submitted October 28, 1937; 
made available for preprinting December 6; 1937. 

R. D. Evans is a consulting transmission engineer and A. C. Monteith is in the 
general engineering department of the Westinghouse Electric and Manufactur¬ 
ing Company, East Pittsburgh, Pa. 

1. For all numbered references, see list at end of paper. 
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ditions. This type of fault does not indude the ordinary 
circuit-breaker sectionalizing operation but it does in¬ 
dude the protector tube and many “shunt” type applica¬ 
tions with circuit breakers or fuses whose operations do 
not change the main dreuit condition. It is also proposed 
to illustrate the use of the results of such recovery-voltage 
studies with the application of protector tubes and to 
discuss the operating experience with certain typical ap¬ 
plications. Although the usefulness of this general study 
will be illustrated by only one specific application the 
authors believe that it has a definite use in connection 
with other applications. 

Parti 

Systems Selected for Analysis 

A broad perspective of the recovery-voltage problem 
can be obtained from the study of a representative set of 
systems. For this purpose three-phase, 60-cyde systems 
with transmission lines of the three voltage classes, namely, 
34.5, 69, and 138 kv were sdected. Since the recovery 
voltage of a system is materially affected by the length 
of connected line, the lengths were selected to represent 
the shortest that would be encountered at that particular 
voltage for the large majority of systems. These selec¬ 
tions were as follows: 22.5 miles for 34.5 kv, 45 miles for 
69 kv, and 90 miles for 138 kv. Although it was recog¬ 
nized that more than one dreuit would be required to 
transmit the maximum amount of power a single-circuit 
line was used because this gives the more severe recovery- 
voltage conditions. 



Figure 2. Schematic diagram illustrating method of system 
representation used on the a-c calculating board 

FRD —Fault-representation device VMD —Voltage-measuring device 
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Table I. Characteristics of System Selected for Study 


Voltage 

34.5 Ky 

69 Kv 

138 Kv 

Short-Circuit Amperes 

(a). 

. 500. 

. 500. 

. 500 

(ft). 



.1,000 

( c )... 

.6,000. 

.6,000. 

.4,000 

Short-Circuit Kva 

Load kva. 

. 5.0. 

4- O 

3 0 

Line length (miles). 


. 45 . 

. 90 


The general features of these systems are shown schemati¬ 
cally in figure 1. For each voltage class three different 
conditions were assumed, each having different values of 
generating capacity and load. Table I gives the sym¬ 
metrical three-phase short-circuit current that would be 
encountered for a “bolted fault” at the sending end. Sys¬ 
tems capable of supplying the higher short-circuit currents 
have in general larger connected loads. Table I gives the 
ratio of short circuit kilovolt-amperes to load kilovolt¬ 
amperes that was used in this study. Both no-load and 
loaded conditions were considered. An 80 per cent power 
factor load was divided equally between the generator bus 
and the receiver bus as shown in figure 1. 

The generating and transformer capacities were pro¬ 
portioned to the load for the particular system and short- 
circuit current, and typical constants were assumed for all 
of the system elements. Transmission lines without 



Figure 5. Recovery voltage for first and maximum crests and 
time to first and maximum crests as a function of location of ‘ 
fault on 90-mile solidly grounded 138-kv system supplying 
826 amperes symmetrical three-phase short-circuit current at 
sending end 

-Single line-to-ground fault, no tower-footing or arc resistance 

—. — Double line-to-ground fault, 33.0 ohms tower-footing resistance 

ground wires were chosen. The additional complication 
to take care of the cases with ground wires is not warranted 
because the problems are similar and also the recovery 
voltages are less severe when ground wires are used. 

Variable Factors Considered 
in the A-C Board Study 



Figure 3. Connection dia¬ 
gram for double line-to- 
ground fault 

AR— Arc-representation device 
GR —Ground or tower-footing 
resistance 



Figure 4. Exam¬ 
ples of Cartesian 
plot of polar os¬ 
cillograms taken 
during general 
studies 


4—Single line-to-ground fault at sending end. 138-kv solidly grounded 
system having 1,000 amperes symmetrical three-phase short-circuit 
current, zero tower-footing and. arc resistance, and load 

6—Double line-to-ground fault at sending end. 138-kv solidly 
grounded system having 500 amperes symmetrical three-phase short- 
circuit current, 33.0 ohms tower-footing resistance, zero arc resist¬ 
ance, and load 


In making the general analysis the factors that were 
varied were method of grounding, load, type of fault, fault 
resistance, arc resistance, and location of fault. The 
studies can conveniently be divided into two groups with 
respect to the method of grounding, namely: Group I 
with system solidly grounded both at sending- and 
receiving-end transformers, and group II with the system 
grounded through a reactance at the sending end only. The 
solidly grounded systems, of group I, were studied for 
both single line-to-ground and double line-to-ground faults 
and for fault or tower-footing resistance of 0, 25, and 
100 ohms, and with and without resistance for arc repre¬ 
sentation. The effect of load was investigated by com¬ 
paring the results of the above tests with results of a few 
tests made without load and without fault or arc resist¬ 
ance, The second set of tests for the reactance- 
grounded system, group II, was made with the addition 
of a neutral reactor of such magnitude as to make the 
zero-sequence reactance at the sending end equal to 8.5 or 
34 times the zero-sequence reactance of the supply trans¬ 
former. 

Connection and Adjustment of 
the A-C Calculating Board 

The method of connecting the a-c calculating board is 
illustrated in figure 2. The actual connection and ad¬ 
justment of the board was similar to that described in the 
paper 1 referred to previously. The selected systems were 
set up in miniature on a three-phase basis and the fault 
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was applied and removed by means of the commutator. 
The commutator is designed to allow adjustment of the 
point of initiating the fault and removing it, and arc char¬ 
acteristics can be simulated in the circuits. The transient 
voltages are measured by a cathode-ray oscilloscope and 
the records secured on a rotating film. 

In figure 2 the transmission line is shown by a simple pi 
representation but actually experience and judgment must 
be used in determining whether this simple representation 
or one with more branches should be used for any specific 
study. For the majority of studies the forced and natu¬ 
ral frequencies used were those of the actual system. 
However, for some systems which involve relatively high 
natural frequencies it may be advantageous to use lower 
frequencies and apply proper corrections. The need for 
such a procedure depends upon the relative losses of the 
miniature and the actual systems. In this particular set 
of investigations it was necessary to use this procedure for 


the lower-voltage systems. Another network representa¬ 
tion problem was encountered with systems having rela¬ 
tively low source inductance. In this case the transients 
had relatively large amounts of energy associated with the 
higher-frequency components and adjustments were re¬ 
quired to compensate for the increased attenuation. 

The general procedure of making adjustments and ob¬ 
taining the recovery voltage has been described in the 
previous paper. The manner in which fault and arc re¬ 
sistances were introduced in the circuit for the case of the 
double line-to-ground fault is illustrated in figure 3. The 
point of application of the fault was selected and the fault 
duration was modified so that each phase would clear at 
its earliest normal current zero. The point of application 
of the fault was then shifted successively until the maxi¬ 
mum recovery voltage of either phase was obtained. It 
is data secured in this manner that are plotted in the curves 
given in a subsequent section. The scope of this study 





Figure 6. Recovery voltage 
curves and plotted points (or the 
nine selected systems 

Group I—Solid grounding. Voltage 
magnitude and time to crest plotted 
as a function of three-phase symmet¬ 
rical short-circuit current at the 
sending end 

Notation: 1-L-G, single line-to- 
ground fault; 2-L-G, double line-to- 
ground fault 
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Figure 7. Recovery-voltage 
curves 

Group II—Reactance grounding. 
Voltage magnitude and time to crest 
plotted as a function of the three- 
phase symmetrical short-circuit current 
at the sending end 

Notation: 1-L-G, single line-to- 
ground fault/ 2 -L-G, double line-to- 
ground fault 
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was limited to the cases in which the faults were cleared 
at normal current zero without restriking of the arc. 

Typical recovery-voltage curves obtained from the a-c 
calculating-board study are plotted in figure 4. These 
curves show definite first crest and maximum crest. In 
some cases, second and third crests were of approximately 
the same magnitude, and in these cases the second crests 
were used as they are more severe for an insulation-recov¬ 
ery curve that has a rising slope. 

Results of A-C Calculating-Board Studies 

In an investigation of this type it is not practical to con¬ 
sider the application of the fault at several points on the 
system. A preliminary study was, therefore, made to de¬ 
termine the effect of moving the fault along the line. Figure 
5 shows the results of such a study for a 90-mile, 138-kv 
system capable of supplying a symmetrical three-phase 


fault current of 826 amperes at the sending end and with 
no load on the system. The recovery-voltage results for 
the single line-to-ground fault are for zero tower-footing 
resistance and the results for the double line-to-ground 
fault are for 33-ohm tower-footing resistance. When it is 
considered that both time and magnitude are of impor¬ 
tance in studying the effect of recovery voltage on a piece 
of apparatus, it will be seen that although the magnitude 
varies as the fault is moved along the line, the time also 
varies. Considering the shape of insulation-recovery 
voltage curves for certain specific pieces of apparatus, it 
was concluded that the recovery-voltage conditions were 
about as severe for faults at the sending end as at any loca¬ 
tion along the line. Therefore, the fault at the sending 
end was considered to be representative and was used in 
the general studies. 

Based on the selected systems, a series of studies was 
made on the a-c calculating board to determine the effect 
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KILOVOLTS OF SYSTEM 


Figure 8. Envelope of maximum re¬ 
covery voltages for different system¬ 
grounding conditions 

A —Solidly grounded system 
B —Low-reactance ground at sending end 
C—High-reactance ground attending end 



TOWER FOOTING RESISTANCE 

Figure 9. Maximum recovery voltage 
for different symmetrical three-phase 
short-circuit currents at sending end, 
plotted as a function of tower-footing 
resistance for single line-to-ground 
fault on 69-lcv solidly grounded system 

- No arc resistance 

-With arc resistance 



Figure 10. Recovery-voltage time to 
crest for 34.5 lev system plotted as 
a function of symmetrical three-phase 
short-circuit current 

-Infinite number of lines of different 

lengths 

-Finite number of lines aggregating 

22,5 miles 

Example: Notation 1-22.5. First figure— 
number of circuits; second figure—aggregate 
miles of line 


of the different factors entering into the recovery-voltage 
problem. These studies may be divided into two groups; 
group I for the solidly grounded neutral systems, and group 
II for the reactance-grounded systems, described in con¬ 
nection with figure 1. The results of these studies are 
presented in figures 6 and 7, respectively. Referring to 
figure 6, it will be seen that for each voltage class studied 
the times to first crest and to maximum as well as the 
magnitude of the first crest and the maximum are pre¬ 
sented for the single line-to-ground and double line-to- 
ground fault cases. For these curves the abscissa is the 
current magnitude for a symmetrical three-phase short 
circuit at the sending end. The results for a system under 
load are plotted for each current condition, with and with¬ 
out the arc representation device for 0-, 25,- and 100- 
ohm tower-footing resistance. For comparison, one study 
with no load and zero arc and tower-footing resistance is 
plotted. The arc representation device is of the same 
general type as described in the previous paper making use 


of Rectox resistors to simulate the arc characteristics of a 


deion protector tube. The Rectox resistor was adjusted 
to give approximately 20 per cent of line-to-neutral voltage 
at the peak of the symmetrical short-circuit current wave. 
This value was chosen to give the maximum effect of this 
factor as the minimum effect is shown by the condition of 
load and no arc representation device. 

Figure 7 presents the results of similar studies made on 
the same systems except with reactance grounding. The 
system arrangement with respect to grounding is shown 
in figure 1. 

The recovery-voltage data in figures 6 and 7 can be 
plotted in a large number of ways, depending upon the 
point under investigation. It is of general interest to 
know the maximum recovery voltage that can be en¬ 


countered on a system when all the factors are varied. 
Figure 8 shows a plot of the envelope of such maximum 
values. Figure 9 shows another manner in which the 
data can be plotted. This example is for the 69-kv solidly 
ground system with load and with and without the arc rep¬ 
resentation device. It will be seen from figure 6 that the 
time to crest for different fault-resistance values does not 
change materially so that the significant factor is magni¬ 
tude as plotted. This curve has been included to empha¬ 
size the fact that the introduction of tower-footing resist¬ 
ance reduces the recovery-voltage magnitude for a single 
line-to-ground fault. 

A general review of the results of these studies is of in¬ 
terest. The introduction of load has little effect although 
it reduces the magnitude and decreases the time to crest 
slightly. The introduction of arc resistance in the solidly- 
grounded system reduces the magnitude for both single 
and double line-to-ground cases but very materially for 
the former. The time to crest is not influenced very 
much. Tower-footing resistance lowers the magnitude 
and the greater the resistance the larger this effect. Again 
the time is not affected. 

Reactance grounding materially increases the magni¬ 
tude. The introduction of resistance tends to lower the 
magnitude for both values of reactance grounding but the 
effect is not marked. The time to ma ximum crest for the 
single line-to-ground fault is considerably increased with 
the introduction of reactance. 

On the solidly-grounded neutral system the magnitudes 
are very close for the single and double line-to-ground 
faults. For the reactance-grounded systems the magni¬ 
tude of the double line-to-ground fault is considerably 
higher than for the single line-to-ground case. 

When a comparison of the results of the tests on sys- 
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terns with line connected is made with the severity of 
tests for circuit breakers, 2 it is found that the magnitudes 
are lower. The largest difference is in the time to crest, 
this being 6 to 12 times as much as for the circuit-breaker 
test. If the aggregate length of line is increased oyer the 
values used in the studies, the spread in the time to crest 
will be still greater. The effect of line is, therefore, very 
important in the recovery-voltage problem. It is also of 
interest to note that the envelope of maximum magnitudes 
decreases for the higher system voltages as a result of the 
greater lengths of connected lines. 

Since the system recovery voltage has a decided bearing 
on the economical design of the protector tube and since 
the laboratories for testing circuit breakers give more 
severe recovery voltages than found on actual systems, we 
believe the data presented will be very useful in the prepa¬ 
ration of a test code for protector tubes. Such require¬ 
ments might be specified as magnitude of recovery voltage 
and time to crest for given short-circuit currents. 

Effect of Other Factors 

Although a large number of different factors have been 
investigated for different fault conditions and different 
conditions of grounding in the a-c calculating-board 
studies, there are, nevertheless, certain other pertinent 
factors that enter into an application which must be con¬ 
sidered. The analytical method of solution is useful in 
considering some of these factors, such as the number of 
circuits and their total capacitances, the latter being pro¬ 
portional to the aggregate length of line. In order to 
illustrate the effect of total capacitance or aggregate length 
of line, figure 10 has been prepared and it shows that the 
time to crest is very materially affected. For example, 
for the case of a system capable of supplying a symmetrical 
three-phase short-circuit current of 2,000 amperes and 
with the capacitances equivalent to 5.6 miles of line lumped 
at the sending end, the time to crest is approximately 120 
microseconds whereas with the capacitances of 22.5 miles 
of line lumped at the sending end the time to crest is ap¬ 


proximately 240 microseconds. It is seen that the se¬ 
verity increases with the decreased aggregate length of line 
and approaches a maximum severity with zero line, which 
is the case for the circuit-breaker sectionalizing applica¬ 
tion. The time to crest for a single-phase circuit is equal 
to tt V LC> where L corresponds to the source inductance 
and C to the total capacitance assumed lumped at the send¬ 
ing end, and line reactance is neglected. If the time to 
crest for a given short-circuit current and aggregate length 
of line is known, the time to crest for any other length of 
line would increase approximately as the square root of the 
ratio of the aggregate line lengths. 

The effect of length of line, that is straightaway length as 
contrasted with aggregate length, is brought out in figure 10. 
The condition of capacitance being lumped at the sending 
end for 22.5 miles of line is plotted and compared with the 
effect of a single line 22.5 miles long. This, in effect, 
shows the range of time that can be expected for a given 
aggregate length of line for anything from a single to an 
infinite number of lines. Points are also shown for two 
and four lines for the 2,000-ampere condition. It will be 
seen that when length is increased the time to crest is in¬ 
creased. The severity of recovery voltage is inversely 
proportional to the times to crest given in figure 10 as the 
magnitude remains practically constant for this case. 

Figure 11 shows the results of a number of calculations 1 
based on the wave theory, for the nine selected systems 
previously studied. These calculations are made for 
single line-to-ground faults at the sending end with the 
sending and receiving ends solidly grounded. These do 
not consider the effects of load, initiating transients, or 
tower-footing or arc resistance. They do, however, illus¬ 
trate the general shape of the recovery-voltage curve and 
give a close check for the a-c calculating-board studies for 
maximum crest. In the curves of figure 11 the magnitude 
of the “first crest” at the shorter times is also of interest as 
it is probably a lower limit of the values that can be ex¬ 
pected on the system*, as the transients arising from the 
initiation of the fault are not included. The results of the 
a-c calculating board study are probably an upper limit as 



Figure 11 • Calculated recovery voltages for single line-to-ground fault on solidly grounded systems 
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these indude the effect of initiating transients and some 
extraneous oscillations introduced by the networks. The 
actual determining conditions are probably between these 
two limits but the relative position has not been definitely 
determined as it is not of immediate interest in presenting 
broadly the results of this series of studies. 

It is of interest to note the effect on the first crest of 
varying the length and number of lines, as previously was 
done in connection with the effect on the second crest in 
discussing figure 10. For example, if four lines of the 
same length were used for, s£y, the 2,000-ampere case 
the recovery-voltage curve would approximate that of the 
500-ampere case, since one may assume four fictitious sys¬ 
tems supplying 500-ampere symmetrical short-circuit cur¬ 
rents operating in parallel to give the 2,000 amperes. 

Part II 

Application, of the Data 

It is the purpose of this section to show broadly how the 
recovery-voltage data can be used in the application of ap¬ 
paratus to a system. Although the recovery-voltage data 
presented is useful in a large number of applications, the 
particular application of the deion protector tube will be 
taken as an illustration. The case of the 34.5-kv solidly 
grounded system with 22.5 miles of transmission line with 
a symmetrical three-phase short-circuit current of 2,000 
amperes at the sending end has been selected. These 



Figure 12. Comparison of system recovery voltage and 
insulation recovery strength for deion protector tubes for 
34.5-kv solidly grounded system supplying 2,000 amperes 
three-phase short-circuit current at sending end 


Pi, P», Pa— Insulation recovery strength for deion protector tubes of 
identical design except for increased bore for higher subnumerals 
B6, B5, etc.—System-recovery voltage 
Nomenclature: A — Single line-to-ground fault 
B —Double line-to-ground fault 

1— Solidly grounded system, arc resistance 

2— Solidly grounded system, no arc resistance 

3— Low-reactance grounded system, arc resistance 

4— Low-reactance grounded system, no arc resistance 

5— High-reactance grounded system, arc resistance 

6— High-reactance grounded system, no arc resistance 


data are plotted in the form of recovery-voltage magni¬ 
tude-time curves as illustrated in figure 12. The points 
joined with broken lines are for the first crest and maxi¬ 
mum overshoot taken from the general curves of figures 6 
and 7. The particular fault and arc resistance condition 
is identified by the notation on the figure. In figure 12 
there is also plotted the calculated curve taken from figure 
11. There are also plotted curves Pi, P 2 , and P 3 , which are 
the insulation recovery-strength curves for three different 
deion protector tubes with different inner bores but the 
same fiber length. An examination of the curves of figure 
12 shows that there are certain conditions for the solidly 
grounded system that would result in higher recovery-volt- 
age characteristics on the system than the protector tube 
could provide in insulation recovery strength. More 
specifically, points A 2 and J32 for first crest are definitely 
above the insulation-recovery curve P 8 whereas all of the 
points for the solidly grounded system are definitely below 
the insulation recovery-strength curves for both protector 
tubes Pi and P ? . As previously discussed in connection 
with figure 11, if there are parallel lines the first crest is 
decreased in magnitude for a given time or for a given 
magnitude the time is increased, making the first crest 
less significant. For the case just considered, if two paral¬ 
lel lines were used protector tube P 8 would be entirely 
satisfactory. 

. The effect of reactance grounding is also of interest and 
this is illustrated in figure 12 by plotting the more signifi¬ 
cant conditions from figure 7. A comparison of the data 
from figures 7 and 12 shows for the single line-to-ground 


fault, that the interruption problem diminishes as the 
neutral reactance is increased. It will further be noted 
for the double line-to-ground faults with the higher value 
of reactance that the severity is increased very materially 
over that of the solidly grounded system to a point that it 
approaches protector tube P 2 , 

Correlation of System 
Recovery Data and Operating 
Experience With Deion Protector Tubes 

It is of interest to compare the conclusions drawn from 
figure 12 with experience from an actual system. Pro¬ 
tector Pi has been applied to a particular system having an 
aggregate of 22 miles of line in three circuits and a sym¬ 
metrical three-phase short-circuit current nearly the s am e 
as that of figure 12. The fact that there are three circuits 
will decrease the first crest but otherwise it should be 
similar to figure 12. Experience has been entirely satis¬ 
factory as would be concluded from an examination of 
these curves. 

Protector tube Pi has been applied to another system 
having an aggregate of 12 miles of fine in three circuits 
and with a symmetrical three-phase short-circuit current 
of approximately three times that of the system used for 
figure 12. The fact that there are three circuits will again 
decrease the magnitude of the first crest. The magnitude 
of the ma x i m u m will remain practically the same but the 
time to maxi m u m will be decreased from 275 to 115 micro¬ 
seconds. This is because, as previously shown, the time 
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varies as \/LC. L varies inversely as the short-circuit 
current and C varies directly with the aggregate line 
length. The line length is decreased in the ratio of 12 to 
22.5 which will decrease the time as the square root of this 
ratio or to 73 per cent; also the fact that the source in¬ 
ductance has decreased to one-third will decrease the time 
58 per cent, making a total reduction of 42 per cent. Ex¬ 
perience has again been entirely satisfactory as would be 
concluded from an examination of the curves of figure 12. 

In the case of protector tubes P h P 2 , and P 3 , shown on 
figure 12, the designs are identical except the bore is in¬ 
creased for the higher subnumerals. It will be noted that 
the insulation recovery characteristics of the protector 
tube are lower as the bore increases. In the normal opera¬ 
tion of the deion flashover protector tube successive opera¬ 
tions tend to increase the bore. It has been recognized in 
the application that after a number of operations the bore 
will eventually erode to a diameter that will cause the pro¬ 
tector to fail. This is illustrated by a comparison of curves 
Pi, P% and P 3 . For example, if protector tube Pi leaves 
the factory with a definite inner bore it is quite conceivable 
that after a number of operations the bore will increase to 
approach the characteristics of protector tube P 2 or even 
protector tube P 8 . It is, therefore, seen that eventually 
the protector will fail to clear. 

It is believed that there has been undue apprehension in 
connection with the erosion of the protector tube for the 
practical application. Through the co-operation of the 
Interstate Power Company it has been possible to secure 
direct measurements of this factor on the oldest extensive 
application of protector tubes. This experience was ob¬ 
tained on the 66-kv line joining Dubuque and Clinton, 
which consists of 47 miles of single-circuit line with flat 
configuration and seven miles of double-circuit line with 
vertical configuration. Ground wires are not used and the 
line is insulated with four ten-inch units, spaced five 
and three-fourths inches. The line was placed in service 
August 15, 1926, and in six years time, before the deion 
protector tubes were installed, there were 277 interruptions 
that could be traced to lightning. This is an average of 
46 interruptions per year. The large number of outages 
per year is direct evidence that there were and are a large 
number of strokes to the line per year. 

Deion flashover protector tubes were installed on this 
line in August 1932. The following is an interruption rec¬ 
ord after the installation was made: 


Period Interruptions 


August 1032 to December 1, 1032 . 0 

Year 1033... 3 

Year 1934.....0 

Year 1935.. 3 

Year 1936..... 8 

January 1,1937 to August 20, 1937........ 2 

Total .. .........16 


This is an average of 3.1 interruptions per year which cor¬ 
responds to a reduction of 15 to 1. An analysis of these 
explained 15 of the 16 interruptions. In the year 1933 two 


ORIGINAL BORE 



•045 0.44 043 042 041 040 039 036 037 036 0.35 0.34 

TUBE BORE-INCHES 


Figure 13. Erosion data obtained after five years' operation 
of deion protector tubes installed on the Clinton-Dubuque 
line of Interstate Power Company 


protector tubes were destroyed due to high surge current 
estimated at from 75,000 to 100,000 amperes. In the 
latter part of 1935 and the early part of 1936 there was a 
sudden increase in the number of outages which led to an 
investigation. The outstanding improvement in the per¬ 
formance of the lines justified at times shutting down the 
station at Clinton although the original application as¬ 
sumed it in operation. This change resulted in reducing 
short-circuit current at the Clinton end of the line to ap¬ 
proximately one-third of the minimum rating of the deion 
flashover protector. An analysis of the outages for 1935, 
1936, and 1937 indicated that all these failures occurred 
within a few miles of the city of Clinton. An analysis of 
this particular condition indicates that with the lower 
short-circuit currents the recovery-voltage strength of the 
protector tube is lower than the recovery voltage on the 
system with the result that the protector tubes failed to 
clear. In August 1937 the protector tubes on the Clinton 
end covering a distance of approximately 20 miles, were 
replaced with protector tubes having higher insulation re¬ 
covery strength. No outages have since resulted on this 
line up to the time of writing although there have been a 
number of lightning storms in the vicinity of the line. 

In changing the protector tubes a program was carried 
out by the Interstate Power Company whereby it was pos¬ 
sible to obtain bore measurements on all of the protector 
tubes originally installed. This allows a detailed analysis 
of the increase of bore or the decrease of insulation-re¬ 
covery strength as a result of a large number of operations 
in five years. A limit of 0.45 inches was set for the bore' 
that would be satisfactory for the original application. 
The original bore of the protector tubes was 0.375 inches 
and they were very dose to this when they left the factory. 
Figure 13 shows the range of bores after the five years of 
operation, these being given to the nearest one-hundredth 
of an inch. It is of interest that none of the protector 
tubes have reached the limit set as satisfactory for the 
original application. Only 2.7 per cent have reached 0.43 
inches and five per cent have reached 0.42 inches. The pro¬ 
tector tubes that were eroded themost were installed at high 
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points on the line. The fact that some protector tubes are 
below the 0.375 inch is explained by the fact that fiber 
will swell and the protector tubes with 0.375 inch bore or 
less have swelled more than they have been eroded by 
operation. The probability is that the protector tubes 
below this bore diameter have had few, if any, operations. 

Summary 

1. This paper presents a general picture of the recovery-voltage 
characteristics of transmission systems obtained from the study of 
nine selected systems subjected to the varying factors encountered 
in practical operation. The a-c calculating-board method has been 
of major importance in carrying out this investigation. 

2. The recovery-voltage characteristics of systems subjected to 
faults which are cleared without a line-sectionalizing operation are 
much less severe than that for the clearing of the last circuit breaker 
on a bus. This difference is so marked that advantage should be 
taken of it, in the design of certain pieces of apparatus. 

3. The method of analysis and the data presented should be of 
value in the application of certain pieces of apparatus and in the 
preparation of test codes for specific devices. 

4. This general analysis is of immediate interest in connection with 
the application of protector tubes, and operating experience with 
this device supports the analysis. Erosion of the protector tubes 
due to operation is such that the insulation-recovery characteristics 
are not changed at an impractical rate. 
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Discussion 

W. J. Rudge, Jr. (General Electric Company, Pittsfield, Mass.): 
Messrs. Evans and Monteith have made a valuable contribution in 
their paper on the recovery-voltage characteristics of transmission 
systems. Since their studies were conducted on an a-c calculating 
board, it will be of considerable interest to compare the results given 
in their paper with results which were obtained by actual measure¬ 
ments in staged field tests. 

In figure 8 a plot is given of recovery voltage crest in per cent of 
normal line-to-neutral voltage. The recovery voltage is given for 
both solidly grounded neutral systems and systems grounded through 
reactors. This curve indicates that on solidly grounded neutral 
115-kv system the recovery voltage will rise to about 150 per cent 


of normal. We have recently completed tests on a 115-kv system 
where the recovery voltage measurements varied from 115 to 178 per 
cent of normal. We have also made tests on a 26.4-kv system 
which was grounded through resistance where the recovery voltage 
measured to ground varied between 115 and 187 per cent of normal. 
Similar tests on a 33-kv system with neutral grounded through 
resistance give recovery voltages varying between 100 per cent and 
185 per cent of normal. Tests made on a 33-kv isolated neutral 
system give values ranging between 100 and 170 per cent of normal. 

Referring to figure 11 of the Monteith-Evans paper, it may be 
noted that the highest values of recovery yoltage occur with the 
lower currents on the low-voltage system and on the higher-voltage 
system the highest recovery voltage occurred with the larger cur¬ 
rents. 

Referring again to our actual field tests, the data on each of the 
four separate field tests mentioned above indicates that the highest 
recovery voltage occurs with the lower values of short-circuit cur¬ 
rent. Further data may, however, show that it is possible to obtain 
as high recovery voltage with large currents as have been obtained 
with the lower values. In the field tests the highest values of re¬ 
covery voltage occurred with currents ranging between 500 and 
1,500 amperes whereas the lower values of recovery voltage were for 
currents in the order of 3,000 amperes. 

In giving these results, we do not intend to infer that low values 
of recovery voltage do not occur with low values of current, as there 
are many instances where the recovery voltage varied between 100 
per cent and 150 per cent of normal in the low range of short-cir¬ 
cuit currents. The data from field tests cited above show the high¬ 
est values of recovery voltage occurring in the range of currents 
obtained. 

In other words, this comparison of field data with the data ob¬ 
tained on the a-c calculating board, show that the results obtained 
from the board can be no more accurate than the basic data upon 
which the board is set up. It is therefore essential to have an ade¬ 
quate background of field tests before accurate results can be ex¬ 
pected from the a-c board. 

On the basis of the field tests, it appears that the crest recovery- 
voltage characteristic, when plotted against system voltage, is al¬ 
most a flat line, whereas in figure 8 of the Monteith paper, the curve 
indicates that for the higher system voltages the maximum recovery 
vo'tage has a downward trend. 

We note in figure 12 of the Evans-Monteith paper that the char¬ 
acteristics for the protector tubes P-1, P-2, and P-3 do not extend to 
the region near normal voltage so that when comparing the recovery 
characteristic of the system with recovery characteristic of the tube, 
one would infer that the rate at which the voltage rises at the early 
part of the curve has no effect on tube operation unless the voltage 
rose at least to the point where the tube characteristic curves begin. 
We would like to have the authors explain whether these curves 
are the limit of the data which has been taken on the tube, or whether 
we have correctly , interpreted their results. Tests which we have 
made on tubes indicate that it is essential for the characteristic 
curve to be extended back to voltage equal to or even less than 
normal, as tubes may fail to clear because of too rapid rate of voltage 
rise, rather than long time in which the peak value of the circuit 
recovery voltage occurs. 

R. C. Van Sickle (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Although the data presented in this 
paper applies specifically to protector-tube application, it has ad¬ 
ditional interest to those associated with high-voltage drctut breakers 
and their application, as is suggested by the authors. The recovery- 
voltage characteristics of the typical circuits on which breakers are 
applied cover a wider range and unfortunately the upper limit is not 
as well fixed as in the case of flashover protectors because the mini¬ 
mum amount of effective capacitance is more difficult to determine. 
That the effects of lines and loads greatly reduce the severity of the 
voltage recovery characteristics has already been demonstrated 
by measurements taken during field tests on circuit breakers but 
such data are naturally limited and apply to the particular condi¬ 
tions existing for the test. Consequently, the data presented in this 




paper is a welcome addition to the general fund of information on the 
severity of some of the seryice conditions which may be imposed on 
circuit breakers. 

The characteristics imposed on a tube at the far end of a line are 
the same as those on a breaker opening at the end of the line. Like¬ 
wise, the characteristics imposed on a tube at the near end of a line 
are the same as the characteristics imposed on a circuit breaker open¬ 
ing one line with another line still connected to the same bus. 

Since the lengths of the lines have been chosen as short as are 
typical for the corresponding voltage, the effects produced can be 
regarded as being the minimum which would normally be expected. 
A 138-kv circuit having a three-phase short-circuit current of 500 
amperes might impose, on the circuit breaker during a single line- 
to-ground fault, a voltage crest of 190 per cent which occurs about 
110 microseconds after current zero. This corresponds to a voltage- 
recovery rate of 1,020 volts per microsecond. The data in this 
paper shows that a parallel line would reduce the maximum voltage 
from 190 per cent to 135 per cent and the rate from 1,020 to 104 volts 
per microsecond. 

Other data shows that locating the circuit breaker at a substation 
fed by a 90-mile 138-kv line with the neutral solidly grounded and a 
three-phase short-circuit current of 826 amperes, subjects it to a 
maximum voltage 160 per cent of normal and a voltage-recovery 
rate of 89 volts per microsecond. These conditions are approxi¬ 
mately the same as those encountered with a parallel line. 

These are only a few of the interesting comparisons which can be 
made by use of the data presented in this paper. 


source of trouble. I should like to suggest an equivalent circuit 
which may in some cases avoid these difficulties. Suppose that the 
circuit of figure 1 is to be studied. 

The voltage across the switch s can be obtained as the time func¬ 
tion corresponding to the operational expression: 
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Let us construct an equivalent circuit such that its operational 
impedance is the reciprocal of that of the original circuit. The in¬ 
ductance now has a value numerically equal to the capacitance in the 


Figure 1. Original 
circuit 



original circuit and the capacitance is equal to the original value of 
inductance and the resistances are reciprocals of their original values. 
The current which flows when the switch is closed at the instant t — 
0 is: 


D. C. Prince (General Electric Company, Philadelphia, Pa.): This 
paper naturally divides itself into two parts; (i) methods of analysis 
of circuits to obtain the form of recovery-voltage characteristics; 
(2) the nature of the interrupting characteristics of the expulsion 
tube with reference to recovery voltages impressed upon it. 

There are several methods already in use for determining recovery 
voltage, ranging all the way from straight calculation through the 
calculating board methods, discussed by these authors, and ending 
up at the other extreme with field tests by cathode ray oscillographs. 
With the addition of the authors to this situation there are available 
methods of determining recovery voltage forms for practically all 
conditions. 

The second half of the paper is outstanding in that it represents 
the most exact correlation yet established between any circuit inter¬ 
rupting apparatus and the recovery voltage of the circuit upon 
which it must work. In the body of the paper, it is stated that the 
important elements of recovery voltage are the length of time to 
reach the crest value and the magnitude of that crest value. This 
statement is not supported by the test information shown. Re¬ 
ferring to figure 12, it appears that the variation of strength with 
time for three expulsion tubes is shown in the curves Pi, Pi, and Pj. 
If the recovery voltage lies wholly below any one of these three 
curves, the corresponding design of expulsion tube may be expected 
to operate satisfactorily. 

If, on the other hand, there is a point where a curve of recovery 
voltage crosses one of these lines Pi, Pi, or Pa, as the case may be, at 
that point the tube will break down. It would be interesting to 
know how these curves Pi, P 2 , and Pa, were obtained since if this 
statement of the case is correct, this represents the most accurate 
correlation between the behavior of any circuit interrupting device 
and the recovery voltage characteristics of a system yet published. 

Above and below the portions plotted in figure 12, it is presumed 
that waves likely to be obtained would not cross the portions of 
these lines not plotted, but this could be judged with considerably 
more assurance if the lines were extended particularly in the direction 
of shorter times. 

* . 

C. N. Weygandt (University of Pennsylvania, Philadelphia): I note 
that in the method used by the authors an elaborate switching scheme 
. for the cathode ray oscilloscope is required in order to record the high- 
frequency transients, and also that when the capacitance of the 
actual circuit is low capacitance of leads and so forth becomes a 
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which is identical with the voltage across the switch in the first cir¬ 
cuit. Moreover by reducing the frequency of the applied voltages 
and consistently altering the values of the parameters, the natural 
frequency may be reduced so that it may be recorded with an or¬ 
dinary magnetic oscillograph. Also since the applied voltage in the 
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equivalent circuit represents the interrupted current in the actual 
circuit it should be more easily possible to simulate interruption when 
the current is not zero, nonlinear arc characteristics and the like. A 
numerical example follows: 

Given an original circuit with the constants in the left-hand 
column, the equivalent circuit will have the constants in the right- 
hand column: 



Original Circuit 


Equivalent Circuit 


0.25 

millihenry 

- L 

25 microfarads * 

L 

0.00025 microfarad 

- C 

2.5 millihenrys ~ 

C 

0.01 

ohm 

- Rl 

10« ohms — 

1 /Rl 

10& 

ohms 

“ Re 

0.01 ohm » 

1 /Re 

377 

per second 

« CO 

0.377 per second — 

CO 

4 X 10« 

per second 

1 

vTc 

4,000 per second — 

1 

Vlc 

60 

cycles per second 

-/ 

0.06 cycle per second * 
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C. Concordia (General Electric Company, Schenectady, N. Y.): 
In the past few years there has been a large number of papers written 
on recovery voltage. One of the striking features of these papers is 
that there are apparently two different viewpoints about the relative 
importance of the various factors involved in recovery voltage cal¬ 
culations. One group leaves us with the impression that the im¬ 
portant factors are the traveling waves and their reflections, the other 
that the important factors are the natural frequencies of the circuit. 
The present paper by Messrs. Evans and Monteith appears to fall in 
the latter class. 
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There need be no essential or theoretical conflict between the two 
points of view. On the other hand, as the traveling waves depend 
on the surge impedances and transmission distances, while the 
natural frequencies depend in practice on lumped circuit approxi¬ 
mations to the actual system, one may arrive at different conclusions 
regarding a particular system by the two methods of approach. It is 
p^g^nfial to examine carefully each case to determine what must be 
considered and what can safely be neglected. 

One may construct a lumped circuit which possesses the same first, 
second, etc., natural frequencies and the same steady state charac¬ 
teristics as the actual circuit. In a practical case one will match the 
c ir cuit frequ enc y response characteristics only up to some limiting 
frequency. The initial response of such a circuit to an impulse 
will bear no relation to the initial response of the system. 

Similarly one may determine the surge impedances of the system 
and from them calculate the correct initial response to an impulse. 
However, consideration only of the surge impedances and reflection 
times will not result in a correct determination of the oscillations of 
the recovery voltage. 

It is evident therefore that in the general case both effects must be 
talrpn properly into account. In some cases, however, the reflection 
times are so short that the circuit behaves very nearly like its 
lumped circuit equivalent. In other cases the reflection times are 
sufficiently great so that the voltage during the period of interest may 
be determined entirely from the surge impedances. Still more sig¬ 
nificant is the fact that for some applications the initial response 
(e.g., the initial rate of use of voltage) is the most important factor, 
while for other applications the magnitude of the voltage swing may 
be the most important. In the general case again the entire re¬ 
covery characteristic must be considered. 

L. G. Smith (Consolidated Gas, Electric Light, and Power Company 
of Baltimore, Baltimore, Md.): Data of the type included in this 
paper are of real interest to those companies applying deion pro¬ 
tector tubes and expulsion protective gaps. Our company has 
made several applications of these tubes on our 13.2-kv lines and a 
few isolated applications at 110 kv. Details of these installations 
are covered in a discussion on page 1509 of the 1937 AIEE Trans¬ 
actions. 

Oneof the problems in protector-tube applications is to obtain tubes 
with a range of current interrupting capacities, within which range 
the currents actually encountered in the particular application will 
lie. It is recognized that all expulsion devices have two limits on 
their current interrupting capacity: 

1. The maximum current, which is limited by the bursting strength of the tube 
notwithstanding the pressure produced by the high currents. 

2. The minimum current below which sufficient pressure is not developed to 
extinguish the arc. 

It is understood that the minimum current rating of an expulsion 
device depends to a large extent upon the rate of rise of recovery 
voltage. For a given bore diameter the lower the rise of recovery 
voltage the lower the minimum current that can be interrupted. 

Since protector tubes are applied by connecting them from each 
phase to ground, the ground connection usually being a common 
connection for all three phase tubes the maximum current inter¬ 
rupting capacity must be sufficient to clear a phase-to-phase fault if 
two tubes are discharging simultaneously. On the other hand, the 
minimum interrupting capacity of the tube is determined by the 
maximum ground resistance, if a single tube discharges. As ground 
resistances may at times be high and also vary over considerable 
ranges of values due to weather conditions, it is frequently necessary 
to use a so-called multiplex installation in which phase tubes of high 
current interrupting capacity are installed in each phase and a single 
ground tube installed in the common ground connection, this tube 
having a lower current rating. If more definite information were 
available concerning the probable rates of rise of recovery voltages 
on various systems it should be possible to extend the application of 
tubes and possibly eliminate the multiplex connection in many 
instances, Therefore, information on this point is desired by the 
industry. 


R. D. Evans and A. C. Monteith: The principal objects of our paper 
are to provide (1) a general picture of the recovery-voltage charac¬ 
teristics of transmission systems which has been obtained with the 
aid of the a-c calculating board and (2) to illustrate the use of the 
recovery-voltage data in connection with the application of a spe¬ 
cific arc-interrupting device, the protector 1 tube. This is the first time 
that a broad picture of the recovery-voltage problem on transmission 
systems has been presented. Until such a picture is available and 
generally un derstood, refinement in methods of analysis and greater 
detail in the characteristics of the device are of secondary considera¬ 
tion. A review of the discussions shows a general agreement with the 
importance of our objectives and the interpretation of the data pre-. 
sented. This general viewpoint should be kept in the mind in con¬ 
sidering the replies to the specific discussions. 

We fully agree with Mr. Concordia that there is no essential or 
theoretical conflict between recovery-voltage calculations by travel¬ 
ing waves and by networks with lumped constants, provided the net¬ 
work constants have been suitably chosen and provided that both 
types of calculation have been carried to a fair degree of refinement. 
Both methods have been discussed and used in the paper, one method 
providing a check against the other. It is the particular advantage 
of the method using networks with lumped constants that makes 
possible the use of the a-c calculating-board method which provides 
a practical form of solution for general analyses, the results of one 
such study being presented in the paper under discussion. This 
point of view was discussed in greater detail in our paper entitled 
"System Recovery Voltage Determination by Analytical and A-C 
Calculating-Board Methods" presented at the 1937 summer conven¬ 
tion in Milwaukee. 

Mr. Van Sickle’s discussion is of value in that it shows the applica¬ 
tion of the system recovery voltage data to another specific appara¬ 
tus problem, the circuit-breaker problem. 

Mr. Rudge has presented certain results of field tests and made 
comparison of measured voltage magnitudes with those of figure 8 of 
the paper. In this connection it is pertinent to observe that the re¬ 
covery voltages of figure 8 are definitely associated with the figures 
6 and 7 which incorporate time as well as magnitude. In figure 5 we 
have shown that higher recovery voltages than those plotted in 
figures 6, 7, and 8 can appear on the system but those voltages were 
generally associated with considerably longer time so that they were 
not considered as significant as the voltages plotted. It is, there¬ 
fore, unfortunate that Mr. Rudge has not given the times associated 
with the voltage magnitudes presented in his discussion so that a de¬ 
tailed comparison could be made. Mr. Rudge's discussion raises the 
question as to whether more severe conditions are met in the field 
than are indicated in the paper. This question cannot be answered 
unless the times associated with the recovery voltage magnitudes are 
also presented. Results of tests given in the previous paper just re¬ 
ferred to, together with the results of other tests, give recovery volt¬ 
age magnitudes and times checking closely with the values given in 
the paper under discussion when these are put on a comparable 
basis. 

Mr. Rudge also makes comparisons between the results of field 
tests and the data presented in the paper with respect to maximum 
recovery voltage as a function of fault current and as a function of 
system voltage. Again the comparisons are not complete unless 
time as well as magnitude is considered. 

In the discussion Mr. Rudge implies, but does not state, that the 
systems tested fall within the range of systems studied on the a-c 
calculating board. It would be valuable if more detailed information 
had been given on the systems tested so that direct comparisons could 
be made. 

Concerning field tests, we have recognized and have emphasized in 
both of our papers the desirability and necessity of such tests as a 
means for providing benchmarks. We do feel, however, that* on ac¬ 
count of the limitations in making such tests, it is difficult if not im¬ 
possible by this means alone to obtain a broad grasp of the recovery 
voltage problem. 

Both Mir. Rudge and Mr. Prince have raised the question of the 
characteristics of protector tubes in the short time range. The ob¬ 
ject of figure 12 is not to provide a complete picture of the characteris¬ 
tics of protector tubes but instead to illustrate the use of the recovery 
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voltage data given in the paper in connection with the application of a 
particular piece of apparatus, the protector tube, giving only the 
characteristics of tubes essential for this purpose. We quite agree 
with Mr. Rudge’s statement that protector tubes may fail to clear at 
voltages less than normal crest value which have a “too rapid rate of 
voltage rise.” The operation of a protector tube depends on the tube 
design and on the characteristics of the circuit. For example, tube 
P-3 would fail at less than normal crest for the particular system con¬ 
sidered in figure 12, but tube P-1 would obviously give satisfactory 
operation for the same system recovery voltages. More data is 
available on the characteristics of protector tubes but this is not 
believed to be pertinent to the present discussion. 

Mr. Prince seems to have misinterpreted our discussion on the ap¬ 
plication of the data in that he infers that we believe the pertinent 
point in the recovery-voltage problem is the maximum voltage crest 
and corresponding time. The basic factor to be considered is the re¬ 
lation of the complete curve of system recovery voltage and the com¬ 
plete curve of insulation recovery voltage. However, the com¬ 
plete curve is rarely needed and usually the conditions may 
be defined by a few critical points usually describable as first crest 
and maximum crest. We wish to emphasize the fact that these criti¬ 
cal points must be given in terms of voltage magnitude and time, or 
some pair of related quantities, and cannot be given in terms of a 
single quantity such as the rate of rise of recovery voltage. 

Mr. Prince inquired as to the method of obtaining insulation re¬ 


covery curve of the protector tubes of figure 12. The points were ob¬ 
tained by measuring the voltage and time on cathode-ray oscillo¬ 
grams when restriking occurred. Therefore, as stated by Mr. Prince, 
if the system recovery voltage curve crosses the insulation recovery 
curve, failure will occur at the point of crossing. 

Mr. Weygandt has made an interesting suggestion to replace the 
equivalent network used in recovery voltage studies by a “reciprocal’' 
network in order to avoid the effects of stray capacitance. This is 
not, however, an important limitation of the a-c calculating-board 
method. This is due to the fact that it is usually possible to select 
an equivalent network using high values of capacitance and still ob¬ 
tain the desired natural frequencies. An alternative method is to use 
different ratios of fundamental to natural frequencies as explained in 
the closing discussion of our previous paper (see Electrical En¬ 
gineering, October 1937, page 1311). It is also important to retain 
the advantages inherent with the present procedure which permits 
obtaining in a straightforward manner the transient effects due to the 
application of a fault and its clearing as well as the effects of subse¬ 
quent restrikes. 

We agree with Mr. L. G. Smith that when a broad knowledge of the 
characteristics of recovery voltages of systems is obtained and when 
more data on the performance of protector tubes becomes available, 
a more scientific application of protector tubes will become possible 
and this in turn will eventually lead to a simplification of the applica¬ 
tion procedure. 
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Critical Conditions in Ferroresonance 


By P. H. ODESSEY ERNST WEBER 

ASSOCIATE AIEE FELLOW AIEE 


Introduction 

T HE APPLICATION of “ferroresonant” circuits to 
engineering problems has become increasingly im¬ 
portant from both theoretical and practical con¬ 
siderations. While much progress has been made in the 
general study of ferroresonance, treatment is lacking in an 
accurate description of, perhaps, the most interesting part 
of the phenomena, namely, the so-called critical points at 
which the current suddenly changes in value. From a 
practical viewpoint, it is this characteristic property that 
makes ferroresonant circuits useful as sensitive elements 
in relay and control apparatus. Accordingly, there is a 
definite need for simple quantitative information that com¬ 
pletely predetermines the behavior of the circuit under 
critical conditions and specifies the required circuit param¬ 
eters in terms of known quantities. 

Of the various methods employed in the study of ferro¬ 
resonance, the method of graphical solutions presents it¬ 
self as the most flexible and gives a somewhat better physi¬ 
cal picture of the phenomena. On the basis of this 
method, a simple rule is proposed for the criteria of sta¬ 
bility which uniquely determines the critical conditions and 
permits analytic development of simple formulas defining 
the critical quantities. An interpretation and discussion 
of equations bring to light several interesting aspects of 
the phenomena and point to inaccuracies of previous 
methods. Various applications of the theory are given. 

Review 

The ferroresonant circuit consists of elements of resist¬ 
ance and capacitance connected in series with an iron- 
core inductance. In the study of ferroresonant circuits 
with a-c applied voltage, rigorous mathematical treatment 
has been found practically impossible. With certain sim¬ 
plifying assumptions, however, solutions 3 ' 7 have been given 
which serve in a general sense to describe the nature of the 
phenomena. Essentially, the methods followed in treat¬ 
ing the series circuit (figure 1) require the determination of 
a functional relationship between the current and the in¬ 
ductance of the iron-core reactor. Under the assumption 
of sinusoidal variation of current, a continuous voltage 
characteristic is obtained from the well-known circuit equa¬ 
tion, 

£ =* / ^S*+:(otL ‘ L " *0) U) 

Several theoretical characteristics are given in figure 2 
showing the influence of resistance and capacitance. To 
attach meaning to the multivalued curves thus obtained, 
the region in which the voltage decreases with increase of 
current is designated as unstable since it is physically un¬ 


attainable. At the extremities of this region therefore, 
an abrupt change in current takes place as indicated by 
the dotted lines. The points of sudden transition of cur¬ 
rent are defined as critical points (1,, 2)., 

It is of particular interest to note that the analytical 
method provides no means for determining the critical 
points except by the graphical procedure j.ust outlined. 
Furthermore, it would appear that the critical points (2) 
associated with the collapse of current are bounded by the 
resistance line ( IR ) since the variable impedance has a 
minimum value equal to the resistance. This relation, 
however, is at most approximate and does not hold in 
general. 

The method of graphical analysis, first introduced by 
Stark, 4 is advantageous because of its simplicity. In this 
representation, the volt-ampere characteristics of the re¬ 
actor (E l = f(I)) and the condenser (E c — I/{v>C)) are em¬ 
ployed to determine graphically the variation of the re¬ 
sultant reactive voltage which is given by the difference of 
ordinates (figure 3). The results are then applied to a 
modified form of equation 1, 
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and operating characteristics similar to those in figure 2 
are obtained. 

A refinement of this method, due to Rotielle, 19 requires 
the separation of the reactor voltage into active and re¬ 
active components on the basis of fundamental frequency. 
A predetermination of the operating characteristics shows 
good agreement with experimental results; but just as in 
the previous case, the critical points are not defined. 


Method of Graphical Solutions 

Historically, the method of graphical solutions repre¬ 
sents one of the earliest attempts to explain the multi¬ 
valued character of ferroresonance and was introduced by 
Bethenod 1 in a brief treatment on the ideal circuit. The 
method was later extended to the general circuit by Mar- 
gand 6 whose interpretation uncovered several important 
facts, particularly concerning stability. There remain, 
however, a few considerations that need amplification in 
order to arrive at a better understanding of the critical 
conditions. 

The graphical solution for the series ferroresonant cir¬ 
cuit (figure 1) follows from two independent relations for 

Paper number 37-134, recommended by the AIEE committee on basic sciences 
and presented at the AIEE winter convention, New York, N. Y., Ja'nuary 24- 
28, 1938. Manuscript submitted October 1, 1937; made available for pre¬ 
printing December 23, 1937. 

P. H. Odbssby is development engineer for the Heyer Products Company,. 
Belleville, N. J., and Ernst Weber is research professor of electrical engineering 
at The Polytechnic Institute of Brooklyn, Brooklyn, N. Y. 

1. For all numbered references, see list at end of paper. 
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Reactor voltage; namely, the volt-ampere characteristic of 
tile reactor, 

-/(!) (3) 

an d the circuit equation (assuming sinusoidal quantities) 

- * V£‘ - (I*)’ + ^ (4) 


ized as unstable. In a corresponding manner, the same 
argument could be advanced if the current were assumed 
to decrease slightly. 

The stability of the various points may be established 
by observing graphically the variation in magnitude of 
the quantity [f(l) —J/coC] as shown by the hatched ordi¬ 
nates in figure 3. Thus, point 3 corresponds to an un- 


In the right-hand member of equation 4, the expression 
^nder the radical represents an ellipse whose principal axes 
have values E and E/R, respectively. The second term is 
a straight line through the origin having a slope 


Figure 1. 
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The sum of the two terms is an ellipse (a fact that may 
be readily ascertained) whose intersections with the re¬ 
actor characteristic are the graphical solutions for current 
(points 1, 2, and 3 in figure 3). The representation in this 
form because of its component nature permits a simple 
graphical study of the circuit characteristics with a varia¬ 
tion of any of the parameters. To avoid ambiguity of 
multiple current values, however, it is necessary to dis¬ 
tinguish the real or stable solutions from the unstable solu¬ 
tions. 

Stability of Current Values 

In the previous methods outlined, the question of sta¬ 
bility of certain current values arose as a result of the cur¬ 
rent-voltage relations obtained theoretically. The por¬ 
tion of the curve that was found experimentally nonexis¬ 
tent was classified as unstable, and the curves were modi¬ 
fied accordingly to account for the characteristic discon¬ 
tinuity (dotted lines in figure 2). The method of graphi¬ 
cal solutions, on the other hand, provides a means to test 
tlxe stability of the individual solutions and gives, there¬ 
fore, a better physical picture of the related phenomena. 

It was not until Margand’s treatment appeared that a 
reasonable explanation was given concerning the sta¬ 
bility of the various points. He showed that points. 1 and 
2 (figure 3) represented stable solutions, whereas point 3 
represented an unstable solution. The following reasons 
are the basis for this distinction. 

Suppose that to leave a stable point, the current sud¬ 
denly changes by an amount A L The effect of this change 
xxpon the circuit may be studied from the relation, 

CRJT - a* - [/(J) - £J* . («) 

If the quantity [/(I) — //wC] increases in magnitude 
-vv'ith a slight increase of current, then (RT) 2 tends to de¬ 
crease in accordance with equation 6. The sense of varia¬ 
tion of (RI) 2 , however, is opposed to the assumed change 
of current; therefore, the point is indicative of a circuit 
condition in favor of stability. If on the contrary [f(T) — 
JT /ccC] decreases in magnitude with increase of current, 
(JR!) 2 tends to increase, indicating a sense of variation 
similar to that of the current. Under this condition, the 
current continues to increase, and the point is character- 


Figure 2. Volt¬ 
age a$ a (unction 
of current 

stable solution since [/(/) —7/<oC] decreases with increase 
of current. The opposite is true for points 1 and 2, hence 
these are stable solutions, i i ^ : 1 :! 

While the foregoing principle permits a distinction be¬ 
tween stable and unstable current values, there appears 
to be an inconsistency concerning the limiting conditions. 
For example, take the case where capacitance is the only 
variable parameter and observe graphically the conditions 
for the limit of stability. At point 1 the limit of sta¬ 
bility takes place when the reactor characteristic a,ud the 
ellipse are tangent to each other, but at point 2, it occurs 
when the condenser line (I/uC) intersects the reactor 
characteristic at the maximum value of current, E/R 
(figure 4)v Consequently, with further increase of capaci¬ 
tance, point 2' which defines a current value less than 
E/R should be unstable according to the above principle 
of stability. This, however, is contrary to experience, 
since it has been observed that the cfirrent may decrease 
considerably beyond the maximum; value before insta¬ 
bility occurs (see figure 15). Margand’s'explanation does 
not account for this effect since it is based upon the aggre¬ 
gate effect of the squared quantities in equation 6, thus 
concealing a chainge of sign.' (More specifically, the criteria 
for stability should be based upon the points of inter¬ 
section of the two curves in such a manner that each 
portion of the ellipse as divided by the condenser line is 
properly expressed with respect to sign. As a modifica¬ 
tion, therefore, the following rule is proposed. 
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resonant circuit function of voltage 


With respect to intersections of the reactor characteristic 
and the upper part of the ellipse, the graphical solution is 
given by 

/(D - + 's/e* - (IR)* + 4 <7) 

Any such point is stable if> for a slight change in cur¬ 
rent, f(X) correspondingly changes at a greater rate than 
the right hand member of (7), taking cognizance of the 
sense of variation of current. Thus, for an increment of 
current, the ordinate of the reactor characteristic must be 
greater than that of the upper part of the ellipse, and less, 
if the current is assumed to decrease slightly. 

For intersections associated with the lower part of the 
ellipse, the graphical solution is given by 

/CD = - Ve 2 - (/E)’ + 4 W 

and the conditions for stability are reversed. In this case 
a point is stable if the right hand member of (8) changes 
at a greater rate than/(/) corresponding to an assumed 
deviation of current. 

An application of the proposed rule will show, as before, 
that points 1 and 2 are stable, and that point 3 is unstable. 
Unlike the conclusions reached from Margand's principle, 
these points retain the same identity throughout their 
entire range of existence. For example, point 2' (figure 4) 
which was previously found to be unstable, is according 
to the rule (7) a stable point. Furthermore, the limit¬ 
ing conditions for the stable points are geometrically simi¬ 
lar, namely, common tangency of ellipse and reactor char¬ 
acteristic (Margand, in a later paper, 12 calls attention to 
this fact as a “pecuharity,” but without giving an ade- 
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quate explanation). At this point the conditions for 
stability and instability simultaneously exist, and a slight 
variation of the parameters in the proper direction will 
cause a sudden change in current. Graphically, this 
means that points 1 and 2 are related to the critical condi¬ 
tions of sudden increase and decrease of current, respec¬ 
tively. 

Circuit Characteristics 

To demonstrate the method of graphical solutions in the 
study of circuit characteristics, a few illustrations will now 
be given. The current as a function of capacitance may 
be obtained by observing the resulting intersections of the 
ellipse with the reactor curve as the ellipse is rotated clock¬ 
wise with increasing capacity, having always a vertical 
tangent at E/R. (The variation of point 3 is unnecessary 
to observe and is therefore excluded.) If reference is made 
to figure 4, it is dear that the current, defined by point 
2 for small values of capacitance, first increases continu¬ 
ously to a maximum and then decreases until the limit of 
stability is reached (point of tangency), beyond which the 
current suddenly falls to a low value defined by point 1. 
With further increase of capacitance, the current decreases 
slowly approaching a constant value. Upon diminishing 
capacitance, the current retraces the same path in the re¬ 
gion of low current values and goes beyond the previous 
point of collapse, since now point 1 is established and 
governs the value of current until the point becomes Un¬ 
stable. This will occur when the ellipse is tangent at the 
knee of the reactor curve, at which point the current sud¬ 
denly increases to a value defined by point 2. Thereafter 
with further decrease of capacitance, the original curve 
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is followed. The complete characteristic is similar to ess of obtaining the circuit characteristics is, from a prac- 
those shown in figure 15. tical viewpoint, tedious, the presentation gives an unusu- 

In addition to the current, the reactive voltages may be ally clear picture of ferroresonant phenomena. Intnnsi- 
deter min ed simultan eously by the same process on ac- cally, however, the value of the method lies in the study of 
count of the component nature of the graphical solution, critical conditions. 


Furthermore, as Rtidenberg 8 has shown, the intersections 
associated with the upper and lower parts of the ellipse 
are related to lagging and leading power factor, respec¬ 
tively. The effect of resistance may be observed by vary¬ 
ing only the major diameter of the ellipse. If the resist¬ 
ance is sufficiently large, instability is impossible, and a 
single continuous curve is obtained. 

The variation of current as a function of voltage may be 
studied by observing intersections when both major and 
minor diameters of the ellipse change while the resistance 
and capacitance remain constant. With reference to 
figure 5, it is clear that with rising voltage, the current first 
increases slowly, then jumps suddenly to a high value 
(point 2'), and increases continuously thereafter. Upon 
decreasing the voltage, the current decreases until in¬ 
stability is reached and then falls to a low value. Curves 
of the same form as those in figure 2 are obtained. 

The current as a function of frequency may be ade¬ 
quately described in a relatively simple manner if the re¬ 
actor voltage is assumed to be directly proportional to 
fundamental frequency, that is, 

E l = oiF{I) W 

The graphical solution then takes the form 

P{I) “ - V-E’ - (IR)' + ^ < 10) 

and the procedure for determining the operating charac¬ 
teristics is analogous to the previous illustrations. In this 
case, the curve F(T) is constant for all frequencies, whereas 
both components of the ellipse vary inversely with fre¬ 
quency. 

The foregoing examples are indicative of the flexibility 
of the method of graphical solutions. Although the proc- 



Critical Quantities 

On the basis of the proposed rule, the limit of stability 
is uniquely defined by common tangency of ellipse and re¬ 
actor characteristic. In the region of low current (point 
1) this condition is possible only in the neighborhood of the 
knee of the characteristic; hence, the range of critical cur¬ 
rent values is small. On the other hand, in the region of 
high current (point 2) the range of critical current values 
is considerably greater since tangency may occur any¬ 
where along the curve beyond the knee. With these 
general concepts, the character of critical quantities may 
be analytically determined. The following treatment 
with point 2, but the results may be applied equally 
to point 1. 

Since, for instability to occur, the ellipse and the reactor 
must have a common tangent, the intercept of this tan¬ 
gent on the voltage axis E t (figure 6) may be expressed as 


* - - '• (it). 

(11) 

also 


(dEj\ 

[ —- ] — tan a 

\dlja 

(12) 

where E^ and I a are the critical values of reactor voltage 
and current at the point of tangency, and tan a, the slope 

of the tangent. 

Employing equation 4, and 

evaluated. Thus 

— j 

( dEjdI) a may be 

(13) 

Eu, - + V£»-(W + ^ 

/dEr.V -R'la ! 1 

\dl Ja V£ J - CM)* »C 

(14) 


Inserting (13) and (14) in (11) and solving for the cur¬ 
rent, we have 

The critical capacitance is determined by means of (12), 
(14), and (15), hence 

c __ 1 ,, (16) 

>(«“•-+ 11 Vd ) 1 - 1 ) 

By making use of the expressions for current and capaci¬ 
tance the reactive voltages are obtained. 
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Within the limits of assumptions (fundamental fre¬ 
quency), these equations describe the behavior of the 
critical quantities as functions of the applied voltage, cir¬ 
cuit resistance, and characteristic constants of a given 
iron-core reactor. 

Discussion of Equations 

A. Region of High Current 

In the region of high current characterized by the satu¬ 
rated portion of the reactor characteristic, only the critical 
conditions for sudden decrease of current exist and are de¬ 
scribed graphically as the limit of stability at point 2. 
As this portion of the curve does not include all possible 
values it is evident that critical quantities related to this 
point can be defined only within certain limits of applied 
voltage and circuit resistance. By defining Iq as the 
minimum critical current (theoretically, the point at which 
the tangent leaves the characteristic), the limits of voltage 
and resistance may be determined by means Of equation 15 
as follows: 

'•-if 7 !}’ 

Solving for the voltage, 

for which 


in order to obtain a real result. Equation 20 gives two 
values of voltage, and the limiting case occurs for maxi¬ 
mum resistance. 


(IP) 


( 20 ) 


Between these limits of applied voltage and resistance 
instability is possible, and the value of the critical cur¬ 
rent will be given by (15). It is to be recognized that the 
above limits are general, and determinate only for the 
linear portion of the reactor characteristic where E t is 
practically constant for a wide range of current values. 
The maximum critical current is found in the usual manner 
by differentiation, that is 



Curves showing the variation of critical current as a 
function of applied voltage and resistance for the saturated 


Figure 8. Critical 
current as a func¬ 
tion of resistance 
applied voltage; „ 20 
A, 20 volts; 6,40 £ 
volts; C, 60 volts; | ' 6 | 

D, 106.8 volts' i 

E, 130 volts I 
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(21a) 

(21b) 



Figure 7. Critical current as a (unction of voltage. Circuit 
resistance: A, 3 ohms; B, 6 ohms; C, 9 ohms 


portion of the reactor curve (figure 12), neglecting core 
losses, are given in figures 7 -and 8. These curves give a 
remarkable insight into the phenomena of ferroresonance 
and call attention to an interesting fact. Contrary to the 
results of previous methods, the envelope of critical cur¬ 
rent is not a straight line coinciding with the (1R) line, 
but a curve having a maximum and dependent upon the 
values of voltage and resistance. An examination of the 
experimental curves (figure 9) given by Rouelle 19 illus¬ 
trates this point well. 

From consideration of the equation for critical capaci¬ 
tance, it is evident that the working region in this particular 
case must be limited in a manner corresponding to the cur¬ 
rent. Since a single value of capacitance will not suffice, 
a set of limiting values corresponding to the minimum 
critical current is determined from the limiting values of 
voltage and resistance obtained from the curves bf critical 
current. Figures 10 and-11 show the variation of critical 
capacitance as a function of voltage and r esistance ; the 
limiting curves are drawn dotted. * 

. For practical purposes, in applying the equation for 
critical capacitance, an effective angular frequency (w 1 ) is 
introduced in place of (w) to account for the presence of 
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Figure 10 (right). 
Critical capaci¬ 
tance as a (unction 
of voltage. Cir¬ 
cuit resistance: 
A, 3 ohms; B, 6 
ohms; C, 9 ohms. 
Frequency, 60 
cycles per second 
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CURRENT-AMPERES 
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Figure 9. Voltage as a function of current: frequency, 50 
cyles per second, resistance 5.2 ohms, capacitance. A, 
25 microfarads; B, 40 microfarads; C, 56 microfarads; D, 90 
microfarads E, 110 microfarads; F, 126 microfarads,- G, 
131 microfarads. U 7 , active component of voltage (ex¬ 
perimental results of Rouelle, R. G, E., 1934, page 728) 
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harmonics. Although the variation of harmonic com¬ 
ponents of current in ferroresonant circuits is extremely 
complicated, it has been found that for values of current 
in the vicinity of breakdown, an effective angular fre¬ 
quency computed from measured values of current, capaci¬ 
tance, and condenser voltage (w 1 = I/E c C) is strikingly 
uniform. In a circuit having a fundamental frequency of 
60 cycles per second, the average over a wide range of 
values of current and capacitance gives 

CO 1 

— = 1.24 
<a 

with a m aximum deviation of less than two per cent. For 
extremely small values of current (point 1), a ratio about 
nine per cent less is suitable. 

Concerning the factors involved in the formulas, the 
evaluation of circuit resistance is, perhaps, the most im- 



Figure 11. Critical 
capacitance as a 
function of circuit 
resistance. Ap¬ 
plied voltage: A, 
60 volts; B, 80 
volts,- C, 106.8 
volts; D, 120 
volts; E, 140 
volts; frequency, 
60 cycles per 
second 


portant. In addition to the series resistance, considera¬ 
tion must be given to the apparent resistance of the reactor 
which takes into account the iron losses. This quantity 


As an approximation, it is convenient to determine ap¬ 
parent resistance on the basis of fundamental frequency. 
The method employed, similar to that of Rouelle, 19 re¬ 
quires power measurements on the reactor with sinusoidal 
voltage applied. Since under these conditions the average 
power indicated by the wattmeter is related only to funda¬ 
mental quantities, the apparent resistance may be defined 
accordingly as 




(23) 


a measure of the varia¬ 


tion if accuracy is to be attained. 


where P is the average measured power and h, the funda¬ 
mental component of current at a given value of applied 
voltage. The variation of apparent resistance and the 
corresponding fundamental voltage drop (IiRj) as a 
function of effective current are shown in figure 12. The 
latter quantity is important because in the application of 
equation 20, total resistance voltage drop required is prop¬ 
erly expressed as the sum of the series (external) and the 
apparent resistance voltage drops. Since the apparent 
resistance is determined on the basis of fundamental fre¬ 
quency, it follows that the same conditions must be ob¬ 
served for the corresponding voltage drop. 

B. Region of Low Current 

In the region of low current characterized by the non¬ 
linear portion of reactor characteristic, critical conditions 
for both sudden increase and decrease of current are theo¬ 
retically possible. It is necessary therefore, in applying 
the formulas to determine in what manner the results are 
related to critical points 1 and 2. In general, it may be in¬ 
ferred from graphical analysis that for point 1, the critical 
current increases continuously with voltage, whereas, for 
point 2 a free variation is possible. 

Due to the variability of the apparent resistance and the 
characteristic constants in the nonlinear region, it is ad-, 
vantageous to choose current as an independent variable 
in order to make a theoretical investigation of critical con¬ 
ditions. For this purpose, equation 20, which gives the 
voltage as a function of current may be employed. Ob- 
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Figure 12. Properties of reactor: A, volt-ampere curve; 
B, apparent resistance; C, apparent resistance voltage drop 

m 


viously two values of voltage are possible for every value 
of current, but only one of these may be associated with 
point 1 if it exists, the other with point 2. The existence 
of a critical point 1 depends upon the value of current and 
resistance in such manner that the voltage given by (20) 
(positive sign) increases continuously with critical cur¬ 
rent. This means that only a certain set of critical cur¬ 
rent values can be defined by this point, and its range, 
therefore, must be determined by the limiting conditions 
which are fixed by minimum and maximum values of 
critical current. With respect to the minimum value the 
limits of applied voltage and resistance are bound by the 
same restrictions as in the previous case (21 a), but are of 
an indeterminate nature. For the maximum value, these 
limits are likewise indefinite and can be found only by 
successive computation; it is the point at which the volt¬ 
age ceases to increase with critical current (upper limit¬ 
ing value). For critical current values greater than this 
maximum, both values of voltage given by (20) are clearly 
associated with the critical point 2. Consequently, the 
locus of critical current with respect to voltage determined 
for the nonlinear region of the reactor characteristic in¬ 
cludes two distinct portions according to the type of criti¬ 
cal condition. 

Curves showing the variation of critical current as a 
function of voltage, taking into account apparent resist¬ 
ance of the reactor (figure 12), are given in figure 13. The 
solid and dotted portions of the curves are related to 
critical points 1 and 2, respectively; the dividing line XY 
is the envelope of limiting values of voltage between which 
both types of critical conditions are possible. The cor¬ 
responding curves for critical capacitance are given in 
figure 14. 

The general form of these curves discloses several in¬ 
teresting properties of ferroresonant circuits. Although 
the abrupt changes in current have been observed to occur 
alternatively as a pair, the curves give evidence of a possi¬ 
bility of achieving only breakdown of current at low values 
of voltage beyond the limiting value without the corre¬ 
sponding sudden increase of current. Another interesting 
feature is that critical current in the region characterized 
by point 1 increases with resistance, although not appreci¬ 


ably except at higher voltages. Likewise, critical capaci¬ 
tance changes only slightly with increased resistance. In 
this case, however, there is a nonuniform variation which 
may be ascribed to the effect of apparent resistance. 
These families of curves, together with those previously 
discussed form the complete envelope and illustrate the 
typical variation of the critical quantities. 

Application of Theory 

The ferroresonant circuit presents to the engineer a wide 
variety of possibilities that are useful in relay and control 
problems. The extent to which these may be utilized is 
apparent from the circuit properties shown in the preced¬ 
ing curves. In this connection, therefore, it is intended 
only to suggest what might be done and to give some illus¬ 
trative examples. 

1. Suppose it is desired to design a ferroresonant cir¬ 
cuit such that for a given value of series resistance the 
maximum change in current occurs when the circuit be¬ 
comes unstable. 

If, for example, the case of breakdown of current is con¬ 
sidered, the necessary conditions are defined by (22) in 
which E t is the only unknown quantity. Assuming that 
the critical current is related to the saturated portion of 
the volt-ampere curve of the reactor, the intercept value of 


Figure 13. Varia¬ 
tion of critical 
current in region 
of low current. 
Series resistance: 
A, 0 ohms; B, 9 
ohms; C, 15 
ohms; D, 25 
ohms 


Figure 14. Varia¬ 
tion of critical 
capacitance in 
region of low cur¬ 
rent. Series re¬ 
sistance: A, 0 

ohms; B, 9 ohms; 
C, 15 ohms; D, 
25 ohms; fre¬ 
quency 60 cyles 
per second 
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the tangent is, from figure 12, E t = 151 volts. Thus, if the 
series resistance, R s = 9 ohms 
Ei 151 

let max - ** 8*38 amperes 


At this current value, the apparent resistance of the re¬ 
actor is, R A — 1 ohm, which is to be added to the series 
resistance. Since E t is about the same as before, the 
corrected value of current becomes 


r 151 * KK 

la max - — = 7.55 amperes 


and the required applied voltage 
E 


^ - 106.8 volts 

V2 y2 


rent values selected above the knee of the volt-ampere 
curve. The required value is that for which the voltage 
becomes a maximum with respect to current. 

For example, let R s = 15 ohms. Take 1 = 1.5 amperes 
then from figure 12, E t = 127 volts and hR A = 22 volts; 
(LR)totai = 22.5 + 22 = 44.5 volts. 

From (20) 

s -^V i+ V i '(s) , ' U 85vo, “ 

Similarly, 

/ m 2 amperes, F = 123 volts 
1-2.5 amperes, E = 123.5 volts 
1 = 3 amperes, F = 122.5 volts 


The required circuit capacitance is given by (16) in 
which co' = 468 radians per seconds (f — 60 cycles per sec¬ 
ond, w'/co = 1-24); further corresponding to E it tan a = 
2.7 ohms. Thus, 

--:— -: = 168 microfarads 

468(2.7 -j- 10) 

If, instead of breakdown, circuit instability with respect 
to the sudden increase of current were considered, the ap¬ 
plied voltage necessary for the maximum change of cur¬ 
rent is somewhat higher than in the previous case. Evi¬ 
dence of this fact is given in figure 9, curve e. To make the 
computation, therefore, it is only necessary to select a few 
current values about the knee of the volt-ampere curve 
that gives by means of (20) a value of voltage about ten 
per cent higher than in the previous case. This solution 
also determines the proper characteristic constants to be 
used in the equation for critical capacitance. 

2. Suppose that it is desired to design a ferroresonant 
circuit that is sensitive to small changes in voltage yet 
single valued in character (for example, curve g, figure 9). 

As this condition is related to the upper limiting value of 
voltage (figure 13), it is necessary to compute several 
values of voltage by means of (20) corresponding to cur- 


Hence, the required voltage is 123.5 volts and the corre¬ 
sponding constants are: E t — 137 volts, tan a = 5.75 
ohms and R A = 7 ohms 


therefore, 


468 


( 5 ' 7s WGSi)-*) 


131 microfarads 


3. In the general problem, we are concerned with the 
determination of critical current and capacitance for a 
given value of applied voltage and series resistance. For 
this case, the results of experiments on a ferroresonant cir¬ 
cuit employing a given reactor are available (figure 15) 
so that a quantitative check on the theory may be ob¬ 
tained. 

For example: E = 121 volts, R s = 6,65 ohms (experi¬ 
mental values). Neglecting the apparent resistance of the 
reactor, a trial calculation is made using the value of in¬ 
tercept voltage, E t = 151 volts, determined from the linear 
portion of the volt-ampere curve of the reactor. Thus 
from (15) 



10.9 amperes 
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Figure 15. Experimental results; current as a function of 
capacity. Series resistance: A, 3,88 ohms, B, 5.02 ohms; 
C, 6.65 ohms; D, 9.9 ohms; E, 14.75 ohms. Applied 
voltage, 121 volts; frequency 60 cycles per second 


For this value of current, E t is about the same as as¬ 
sumed above and R A = 0.95 , so that the total series re¬ 
sistance becomes 7.60 ohms. The corrected value of criti¬ 
cal current is therefore 


T 121 / /121V 

Ia " 7J V 1 “ (jiiJ " 9 53 a “ PereS 


From test it is found (see curve c, figure 15), I a = 8.9 
amperes. 

Computing the critical capacitance (f = 60 cycles per 
second, w' = 468 radians per second, tan a = 2.7 ohms) 

1 


"' 488 ( 2 . 7 + 7.6^(!|!)’-ij 
From test, C a = 238 microfarads 


« 255 microfarads 


The errors in both cases are seven per cent, approxi¬ 
mately. 

To find the critical current for the point of sudden in¬ 
crease, it is convenient to employ equatipn 20 and make a 
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Figure 16. Comparison of measured (solid curves) and 
computed (dotted curves) values of critical current and 
capacity as a function of series resistance 


few trial substitutions of current values. This is necessary 
since the characteristic constants change sharply with cur¬ 
rent about the knee of the volt-ampere curve of the reac¬ 
tor. The solution is given when the calculated voltage is 
equal to the applied voltage. Since the proper characteris¬ 
tic constants are now available, the calculation of critical 
capacitance follows directly. 

Without going through the computations, reference is 
made to figure 16 in which a comparison of measured and 
calculated results is given. The error between these val¬ 
ues is confined within reasonable limits and is due primarily 
to the presence of harmonics, particularly in the reactor 
voltage, which influence the value of apparent resistance. 

Conclusion 

The calculation of critical quantities by means of the 
given formulas is quite simple, although in some instances 
preliminaiy computation is required. In any case, the 
trial substitutions are made with respect to one quantity, 
and having once determined this quantity, the correspond¬ 
ing critical values of all the other quantities may be readily 
calculated. This method of obtaining critical quantities 
is obviously much superior to previous methods which re¬ 
quire the determination of families of curves, as in figure 2, 
from which the desired information is then obtained. 

In the study of critical conditions in ferroresonance, this 
investigation has demonstrated that the characteristic dis¬ 
continuities of current are hot isolated phenomena, but are 
directly related and occur under parallel circumstances. 
The principles governing stability and instability have 


been clearly set forth in the proposed rule for stability, and 
as a consequence, simple formulas defining critical quan¬ 
tities have been obtained. The rule for stability may also 
be applied in more complex problems such as the influence 
of superimposed d-c excitation upon ferroresonance. Criti¬ 
cal conditions, as we have seen, are not only dependent 
upon the properties of the reactor, but also upon the ap¬ 
plied voltage and resistance. These facts make for a clear 
understanding of ferroresonant phenomena and enable the 
engineer to design circuits to operate under optimum con¬ 
ditions. 
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Overvoltages Caused by Unbalanced Short Circuits 
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Introduction 

I N CASE of unbalanced faults on power systems, the 
voltage on the unfaulted phase or phases may often 
reach very high values. There may be an overvoltage 
caused by the short circuit itself and a further overvoltage 
caused by the clearing of the fault. In the present paper 
only the first type will be discussed. These unfaulted 
phase overvoltages may vary widely with the type of 
fault, the system constants and arrangement, and the kinds 
of synchronous machines affected. However, in faults 
not involving ground the presence of overvoltages depends 
on the fact that the synchronous machines supplying the 
fault current are not electrically symmetric-rotor ma¬ 
chines. Thus, these overvoltages may be largely elimi¬ 
nated or reduced by a properly designed amortisseur wind¬ 
ing. Even in case of overvoltages caused by faults in¬ 
volving ground there is a considerable reduction with 
such an amortisseur winding. 

Purely from the standpoint of reducing overvoltages it 
is evident that such rotor windings are very desirable, and 
it is advisable to examine carefully each particular case 
in order to determine how far in the direction of the ideal 


line-to-ground faults has given expressions for the open 
phase voltage for that case. The present paper takes 
into account more exactly than has hitherto been done 
the effects of amortisseur windings and of connected ter¬ 
minal capacitance and gives quantitative overvoltage 
data over a range of machine and system constants. 

The practical importance oi the study is brought out 
by ligh tnin g arrester and bus failures which could 
not be reasonably explained except by the high dynamic 
voltages described in this paper. In one case tests 
made subsequent to a failure have definitely shown the 
source of trouble to be these voltages. 

In order to obtain the information reported here a de¬ 
tailed study of line-to-line short circuits on a synchronous 
machine connected to various capacitances and provided 
with many different designs of amortisseur circuits was 
made on lie differential analyzer 6 at the Moore School of 
Electrical Engineering of the University of Pennsylvania. 
By means of the differential analyzer it was possible (1) 
to take into account most of the significant factors, the 
effects of which it would be practically impossible to 
calculate exactly and (2) to vary the machine and line 
characteristics easily over a wide range, which would be 


amortisseur it is economically desirable to go. It is the 
purpose of this paper to present comparative information 
on overvoltages caused by one type of fault on a salient- 
pole synchronous machine with various kinds of amortis¬ 
seur windings in order to provide one basis for evaluating 
quantitatively the relative merits of the different types of 
amortisseur windings. The qualitative effects are of 
course already known. Mandl 1 has made an extended 
study of overvoltages caused by single-phase short circuits 
with terminal capacitance and has shown the existence of 
resonant points and the possibility of obtaining high 
voltages on the unfaulted phase of machines with electri¬ 
cally unsymmetrical rotors. Wagner 2 has recently made 
an experimental study of similar cases. Doherty and 
Nickle 8 have shown that the magnitude of open-phase 
voltage during single-phase short circuit of an open-cir¬ 
cuited machine is a function principally of the ratio of 
quadrature-axis reactance to direct-axis reactance, while 
Park and Skeats 4 have similarly shown how this ratio 
affects recovery voltage. A later investigation 5 of double 


impossible in field tests. 

A line-to-line short circuit was studied since this may 
result in some of the highest overvoltages, and it was not 
primarily the object to study the effect of various kinds 
of short circuits but rather the effects of various kinds of 
amortisseur windings. 

Conclusions 

As a result of this study the following conclusions have 
been drawn. 

1. High voltages may appear on the unfaulted phase of a synchro¬ 
nous machine with unsymmetrical rotor during line-to-line short 
circuits. 

2. The principal determining factor for the magnitude of overvolt¬ 
ages caused by line-to-line short circuits is the ratio (x q "/x d ") of 
quadrature-axis subtransient reactance to direct-axis subtransient 
reactance. This ratio is a function of the amortisseur characteris¬ 
tics. 

3. The maximum possible overvoltage caused by a line-to-line short 
circuit on an open circuited machine is given very closely by the 
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formula* 



( 1 ) 


4. The overvoltage may be considerably increased over the value of 
equation 1 by terminal capacitance, the worst condition arising when 
the capacitive reactance is approximately nine times the negative 
sequence reactance of the generator. The amount 6f increase of 
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IMPEDANCE 


Tablet 


~ „ - Xd'+Xq*, v „ e c -l 

Case id' iq # -2—(■*) *a /** «c 


1 .0.439....0.456....0.447.1.04... .1.08... .1.6 ....7.5 

2 .0.456_ 0.490 _0.473..... .1.07... .1.15_2.0 .. ..6.66 

3 .0.478....0.544.. ..0.511.1.14... .1.28... .2.85.. ..6.6 

4 .0.489.. ..0.567.. ..0.528.1.16.... 1.32. 

5 .0.439.. ..0.516.. ..0.477.1.17... .1.35... .3.15... .6.15 

6 .0.456_0.553.. ..0.504.1.21.... 1.42_3.75.. ..6.55 

7 .0.478.. ..0.616.. ..0.547.1.29.... 1.58... .5.15... .7.15 

8 ..0.489.. ..0.650.. ..0.569.1.33... .1.66... .6.1 ....7.73 

9 .0.556.. ..0.900.. ..0.728.1.62... .2.24... .8.0 .. ..5.65 


this maximum possible overvoltage depends on the field and arma¬ 
ture short circuit time constants, being small when either or both of 
these quantities are small. For large waterwheel generators the 
field time constant is ordinarily very large and so may be assumed 
infinite with little error. On the other hand the terminal capacitance 
will ordinarily be that of a connected open transmission line and so 
will be accompanied by a somewhat increased armature circuit re¬ 
sistance which will tend to reduce the armature time constant and 
consequently the overvoltage. 

5. If a salient-pole generator is to be subject to the possibility of 
connection to an open transmission line of relatively large capacitance 
or of open circuited operation the ratio Xq jx d should be kept 
within limits determined on the basis of permissible overvoltage. 

6 . The overvoltage will in general be greatly reduced by connection 
of the salient-pole machine to a power system. 

7. The ratio #//#/• may be determined by test from single-phase 
static impedance measurements. The ratio should either be 
measured at a current equal to the expected rms displaced single- 
phase short-circuit current or several points taken in order to extra¬ 
polate to this current. 


varied over a wide range. The constants (see nomencla¬ 
ture and figure 2 for definition of symbols) used in this 
study were, in per unit of the machine rating, 

xi - 0.20 r kd - 0.02 

x f _. x ad%f _ ^ q ^ f = q 33 r =s 0.02 for cases 1-4 
x Q d + x f 

x aQ — 0.52, x q = 0.72 r kQ = 0.04 for cases 5-8 


Case ikd Xkq 


X. 

2. 

3 . 

4 . 

.0.09.... 

.0.14- 

.0.22- 

............0.29.... 

.0.09 

...0.14 

.0.29 

5..... 

.0.09.... 

.0.18 

6...... 

.0.14.... 

.0,26 

7... 

....0.22..... 

.0.43 

8. 

.0.29.... 



9 . CO . CO 


Description of System 

The system studied is shown in figure 1, the capacitance 
and series impedance being included to represent approxi¬ 
mately the effect of a connected transformer and open 
transmission line. 

The amortisseur circuits of the machine were repre¬ 
sented by two windings, one in the field axis of the rotor 
and one in the quadrature axis, the mutual inductance of 
the field, direct-axis amortisseur, and direct-axis arma¬ 
ture winding being a single quantity. The synchronous 
machine may therefore be represented by the equivalent 
circuits of figure 2, in which the machine characteristics 
are specified by the mutual and leakage reactances of the 
various windings. The field resistance was neglected, 
that is, constant flux linkages were assumed in the field 
circuit, since with the long field time constants of large 
synchronous generators the change of field flux linkages 
in the first few cycles after short circuit will be inappre¬ 
ciable and the short circuits will usually not last more 
than a few cycles. Also the effect of saturation was neg¬ 
lected in so far as it would tend to vary the reactance during 
the period of short circuit. However it is assumed that 
the reactances specified apply to saturation conditions 
corresponding to single-phase short-circuit current. The 
machine is assumed to conform to the theory of the ideal 
synchronous machine as defined by Park. 7 

The machine constants were taken as average values 
for salient-pole (waterwheel) generators, except for the 
constants of the additional rotor circuits, which were 


Cases 1 to 4 apply to amortisseurs with substantially 
symmetric leakage reactances, while cases 5 to 8 apply to 
amortisseurs with quadrature-axis leakage reactance sub¬ 
stantially twice those of the direct axis. Case 9 repre¬ 
sents a machine with no amortisseur. In all of these 
cases the series impedance (figure 1) consisted of a re¬ 
actance of 0.18 per unit and a resistance of 0.05 per unit, 
except as otherwise indicated. Also in cases 2 and 6 the 
amortisseur resistances were varied. 

The electrical system of figures 1 and 2 may be repre¬ 
sented by the set of simultaneous equations of appendix 
A, which were set up on the differential analyzer and 
solved for the unfaulted phase terminal voltage e a . 

In order fairly to compare the various types of ma¬ 
chines, overvoltages were determined for each machine 
over a range of capacitive reactance, corresponding ap- 
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Figure 3. Over¬ 
voltage due to 
line-to-line fault 
on salient-pole 
synchronous gen¬ 
erator—effect of 
amortisseur wind¬ 
ing 


Figure 5. Over¬ 
voltage due to 
line-to-line fault 
on salient-pole 
synchronous gen¬ 
erator—effect of 
amortisseur react¬ 
ance 


proximately to transmission lines of various voltages and 
lengths. The range covered varied somewhat but was 
in general about 3 *2 < x c < 30 xi, where Xt is the average 
of the direct- and quadrature-axis subtransient reactances 
including the external reactance. 

Results 

Figures 3 to 5 show some of the results obtained. On 
these curves are recorded the maximum voltage reached 
in the first four or five cycles following short circuit, as 
read from the curves of instantaneous voltage versus time 
plotted by the differential analyzer. 

It is seen that as a function of the ratio of line capacitive 
reactance to average generator subtransient reactance 
(or negative-sequence reactance) the overvoltage curves 
have the same characteristic shape for all machines. Volt¬ 
age peaks are observed at x e /xt — 9 and x c /xi —■ 25, 
which correspond to series resonance of the line capaci¬ 
tance with the negative-sequence reactance for the third 
and fifth harmonics, respectively. 

Figure 3 shows how the addition of the amortisseur 
winding of case 6 reduces the maximum voltage to about 
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half of the value obtained with no amortisseur winding, 
and also the further reduction obtainable by the use of 
the amortisseur of case 2. This latter is particularly 
noticeable at the resonant point x c /xt = 9. The over¬ 
voltages obtained when line capacitance is not considered 
are indicated at the extreme right of the figure. Line 
capacitance is seen in general to increase the voltages 
obtained, especially when it is great enough to approach 
the point of third-harmonic resonance. 

Figures 4 and 5 show the effect of variation of the 
amortisseur leakage reactances. Figure 4 covers the 
range of amortisseurs with symmetric leakage reactances 
(cases 1-4), while figure 5 covers the range of unsym- 
metrical amortisseurs (cases 5—8). As would be expected, 
the low reactance windings are the most effective. As an 
indication of the relative effectiveness of the several amor¬ 
tisseur windings table I is given. 

The subtransient reactances include the external in¬ 
ductive reactance. The 60 column contains the maximum 
open-phase voltages obtained by the formula 


2^-1 


( 1 ) 


Figure 4. Over¬ 
voltage due to 
line-to-line fault 
on *alient-pole 
synchronous gen¬ 
erator—effect of 
amortisseur react¬ 
ance 


of Doherty and Nickle,* neglecting capacitance and as¬ 
suming constant amortisseur flux linkage and short 
circuit at the instant of maximum flux linkage in the 
shorted phases. The e c column contains the ma xim u m 
voltages found by means of the differential analyzer under 
the worst condition of connected external capacitance 
xjxi — 9. The last column gives the ratio of maximum 
excess voltage (e c - 1 ) with capacitance to the excess volt¬ 
age ( 4 , — 1 ) for an open-circuited machine. This ratio 
is seen to be very nearly a constant quantity since the 
armature time constant was not varied very much (r„ = 
constant = 0.05) and the field resistance was constantly 
zero. Since the maximum voltage e t occurs several cycles 
after short circuit it will be somewhat reduced if allowance 
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Figure 6. Overvoltage due to line-to-line fault on salient- 
pole synchronous generator—effect of amortisseur resistance 

Case 6— x c /x* = 9.9, x//x/ - 1.21 
Case 2— x c /xi = 10.6, x//x/ * 1.07 

is made for the decay of field flux linkage, while on the 
other hand the voltage eo, which occurs in the first cycle, 
will not be appreciably affected. 

In general the overvoltages depend principally on the 
reactances x/ y x/ t x c ; the effect of the resistances r kd , 
r kQ> r a being of secondary importance except in the case 
of r a at or near one of the resonant points (particularly 
at xjx 2 = 9). Figure 6 shows how at a particular value 
of line capacitance, and for the machines of cases 2 and 
6 , the overvoltage is affected by changes of the amortis¬ 
seur resistances in the ratio of 32 to 1. For the cases in¬ 
vestigated, amortisseur resistance has evidently very little 
effect; there is a slight increase of overvoltage with in¬ 
creasing amortisseur resistance. 

The effect of line resistance r a in reducing the magni¬ 
tude of overvoltage is seen in figure 7 for the machine of 
case 9 with a rather large line capacitance. The case of 
figure 7 is not a resonant condition, so that line resistance, 
unless very high, reduces the voltage only about 10 or 
20 per cent. At a resonant point the line resistance has 
much more effect, the voltage in some cases being almost 
inversely proportional to resistance. 

In figure 8 are given some typical voltage-time 
curves obtained. Inspection of these curves shows that 
the voltage consists principally of a term of fu ndamental 
frequency and one having the frequency the latter 

corresponding to the “average natural frequency” of the 
series circuit formed by the unfaulted phase. That is, 
the frequency of the principal natural frequency term can 
be calculated with good accuracy by neglecting the fact 
that the machine has an unsymmetrical rotor and using 
the average of the direct- and quadrature-axis subtransient 
reactances. 

Another point brought out by figure 8 and by the many 
other voltage curves taken is that with amortisseur wind¬ 
ings the voltages in the first few cycles, if the decay of 
field flux linkages is neglected, are only slightly if at all 
higher than the values during later cycles after the tran¬ 
sients caused by the amortisseur and stator resistances 
have died away. In fact, in the region where the highest 
overvoltages are likely to occur, i.e., near xjx% = 9, the 
voltage requires several cycles to build up to its peak 
value, which occurs after armature transients have 
vanished. 


Figure 7. Over¬ 
voltage due to 
line-to-line fault 4 

on salient-pole 
synchronous gen- 3 

erator—effect of g 
line resistance 2 

Case 9—x c /x 2 = 

6.86 l 


0 

0.01 0.02 0.04 006 0.1 0.2 

LINE RESISTANCE r a 

The overvoltages were always highest for short circuit 
at the instant of maximum flux linkage in the shorted 
phases except near the third harmonic resonant point 
where there was no appreciable difference in overvoltage 
with angle. Therefore, after sufficient data were obtained 
to settle the question, all overvoltages were determined 
for short circuits at maximum linkage. 

Calculation of Overvoltages 

Consideration of the form of the voltage curves and of 
the rather small effect of rotor resistance leads one to the 
conclusion that for machines with amortisseur windings a 
good approximation to the voltage may be had by neglect¬ 
ing rotor resistances and also neglecting armature tran¬ 
sients. If this is done a relatively simple method of cal¬ 
culation is available (see appendix B), the results of which 
show approximate agreement with those found by the 
differential analyzer. Figure 9 presents a comparison of 
calculated and analyzer results for case 6. 




analyzer 
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In the case of the synchronous machine with no amortis- 
seur windings (case 9) the armature transients had to be 
considered in order to obtain a reasonable check. Figure 
10 shows a curve of voltage versus time determined by the 
differential analyzer compared with a step-by-step solution 
of the equations of appendix B for r a = 0, x e « 5, and no 
amortisseur. The complete solution including armature 
transients has also been found analytically as explained 
in appendix B and points calculated by the formula de¬ 
veloped are shown on figure 10. 

Equations 86 and 96 of appendix B show that the volt¬ 


Figure 10. Overvoltage following line-to-line fault on 
salient-pole synchronous generator 

age is a function of the three ratios y/x, r/x, xjx, y/x 
is simply related to the ratio xf/xf by the formula, 

( 1 + i )( 1 + v )“ 2 (2) 

while x is very nearly the negative-sequence reactance # 2 * 
The voltage produced is thus a function of *//*/, the 








armature short-circuit time constant x 2 /r y and the ratio 
xjx 2 . Moreover, if only the maximum possible over¬ 
voltage obtainable is of interest, # c /x 2 will always be very 
nearly 9, so the voltage is a function only of x q /x/ and 
x 2 /r. This however neglects all rotor decrement factors. 

Comparison With Test Results 

In order to check the results obtained by calculation 
and by the differential analyzer several tests were made. 
In general the maximum voltages recorded in test have 
been somewhat lower than those indicated by the ana¬ 
lyzer. This is believed to be principally because the ma¬ 
chines tested had rather low field time constants (about 


circuit read from the oscillogram is 0.866 times the ratio 
plotted in figure 13. A few other typical oscillograms are 
also given in figure 14. 

In the tests it was found that the values of subtransient 
reactance to be used in computing overvoltage could be 
determined most easily and accurately by a static single¬ 
phase impedance test. Figure 15 shows the test ratios 
for the machine of figure 13. The high ratio is seen to be 
affected by saturation and the value used in checking the 
test overvoltage curves was that corresponding to the 
calculated offset root-mean-square single-phase short- 
circuit current. The tests shown in figure 13 were taken 
at reduced voltage. For short circuits at full voltage 
the ratio xf/'x/ is about 1.5 and the overvoltage is cor¬ 
respondingly reduced. 


Figure 12. Over¬ 
voltage due to 
line-to-line fault 
on synchronous 
machine — com¬ 
parison of test 
and analyzer re¬ 
sults 

x//x„" - 1.52 

one second open circuit). The rapid decay of field flux 
prevented the high build-up of voltage at resonant points 
so that the maximum voltage always occurred in the first 
two or three cycles. Three methods of comparing tests 
and calculated results were therefore used. One was to 
increase the voltage ordinates obtained in test oscillo¬ 
grams in inverse proportion to the field flux, another was 
similarly to decrease the analyzer curves or more simply 
to read the analyzer voltage peak at the point of maximum 
test voltage. Since the maximum voltage measured in 
test always occurred in a very short time it was not nec¬ 
essary to correct for field flux in the last method. 

Figure 12 shows a comparison of a curve of maximum 
test overvoltage with the overvoltage obtained by the 
differential analyzer in the same time. The overvoltage 
with no capacitance is also shown and compared with the 
calculated value. In this case the ratio (e c — l)/(eo — 1) 
is 2.45/0.92 = 2.66 instead of about six as would be ob¬ 
tained with infinite field time constant and a lower arma¬ 
ture resistance. 

Figure 13 shows a comparison of test overvoltages ob¬ 
tained on the same machine with different amortisseur 
windings. It is seen that for x Q ,f /x/ » 1,0 there is no 
appreciable overvoltage while for x" [x d = 1.7 the voltage 
reaches 4.05 times normal at the third-harmonic resonance 
point. With no capacitance the maximum voltage is 
2.32. Here the ratio (e c —1)/(e 0 —1) = 3,05/1.32 = 2.3. 

Figure 14(c) shows the oscillogram from which the 
maximum overvoltage at the highest peak of figure 13 was 
obtained. The oscillogram shows line-to-line voltage 
while figure 13 shows line-to-neutral voltage, so the ratio 
of voltage after short circuit to voltage before short 



Discussion 

A. The Ratio xf/x/ 

It has been brought out above that overvoltage is prin¬ 
cipally a function of the ratio x//x/. However, except 
for faults directly at the machine terminals there will be a 
reactance in series with the machine reactance. There¬ 
fore, in these cases a low average subtransient reactance 
is also desirable since for the same ratio x//x d " at the 
machine terminals the effective ratio at the fault will be 
lower with lower machine reactance. Thus aside from 
their effect on the ratio as measured at the machine ter¬ 
minals, amortisseur windings will usually reduce the 
overvoltage produced. 

The ratio x//x/ is always highest at the machine ter¬ 
minals. It does not necessarily follow that faults directly 
at the terminals will always result in the highest voltages. 
In the circuit of figure 1, the reactance should be taken 
to the point of fault while the capacitance is, to a first 
approximation, that of the whole open line or lines. For 
a particular case it is therefore conceivable that third- 
harmonic resonance may occur for faults out on the line, 
and that the resultant voltage may be higher despite 
the decreased effective ratio x//x/. In practice, how¬ 
ever, we must usually take into consideration all possible 



Figure 13. Overvoltage due to line-to-line fault on syn 
chronous machine—test results 


Upper curve—= 1.7 Lower curve—x//x/ ~ 1.0 
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CURVES A AND B — LINE CURRENTS 
CURVES C,D, AND E- LINE-TO-LINE VOLTAGE 
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CURVES A AND B— LINE CURRENTS 
CURVES C,D, AND E-LINE-TO-LINE VOLTAGE 
CURVE F- FIELD CURRENT 


x£/*d = '-o 


Figure 14. Oscillograms of line-to-line fault on salient-pole synchronous machine 


connected amounts of line. The highest possible over¬ 
voltages will then occur for faults at the machine ter¬ 
minals. 

B. Factors Limiting Overvoltage 

The highest overvoltages indicated in this paper will 
not in general occur in practice. Saturation will limit 
the voltages to a certain extent and protective equipment 
will function. The saturation effect however will not be 
nearly as great as might be supposed from an inspection 
only of the magnitude of the voltage peaks, since the 
fundamental component is usually only slightly higher 
than normal, the highest values recorded consisting prin¬ 
cipally of a third-harmonic component. Lightning ar¬ 
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resters may be expected to be damaged by the high sus¬ 
tained voltages. Also in many cases the machine will 
be connected to a system. In order to evaluate the ef¬ 
fect of a connected system on overvoltage figure 16 has 
been included. Figure 16 (a) shows how in a particular 
case x," = 0.90, */ = 0.55, the overvoltage caused by 
line-to-line short circuit is reduced by the system tie 
reactance x e . All the curves are for the condition of no 
load and equal voltages on machine and infinite bus. 
Curve A is for short circuit at maximum flux linkage in 
the shorted phases and approaches the value of equation 1 
as the tie reactance approaches infinity. Curve B is for 
short circuit at minimum flux linkage. Curve C shows 
the voltage which would be obtained by the conventional 
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Figure 15. Ratio x q V*/ D. Other Functions of Amortisseur Windings 

determined by single-phase 

static tests Limitation or reduction of overvoltage is not, of course, 
the only function of an amortisseur winding and it is 
necessary to keep the other aspects of amortisseur appli¬ 
cations in mind in order properly to determine the best 
winding for a particular machine. The damping action 
for rotor oscillations about a steady-state operating angle 
is determined principally by the amortisseur resistance. 
A low resistance gives in general the largest damping 
coefficient for slow oscillations. From the standpoint of 


symmetrical-component calculation. The symmetrical- 
component method is found to give substantially the 
fundamental frequency component of voltage. The effect 
of generator load angle on the maximum overvoltage is 
indicated by the single point at x e = 1.0. 

Figure 16 (b) shows more generally the effect of x//x/ 
and the reduction in voltage caused by a reactance tie 
to an infinite bus. All resistances and capacitances were 
neglected in calculating the curves of figure 16. 

C. Faults Involving Ground 

A line-to-line fault was chosen here because the over¬ 
voltage depends primarily on the ratio x//x/, while for 
ground faults, the overvoltage is affected also by the 
method of system grounding. The great majority of 
faults on power systems involve ground, the line-to-line 
fault being a less frequent occurrence. 

Equivalent circuits for use in determining instantaneous 
currents and voltages following faults are given in ap¬ 
pendix C for line-to-ground, line-to-line, and double 
line-to-ground faults. See figures 18, 19, and 20. From 
these circuits and either of the methods of calculation 
given in appendix 5, overvoltages following faults can be 
determined. 

Figure 17 gives resonance regions to third-harmonic 
currents for the three types of faults when the fault oc¬ 
curs at the terminals of a salient-pole machine connected 
through impedance to any symmetrical external system 
in which the positive- and negative-sequence impedance 
are equal. Resistance is neglected. 

Equivalent circuits representing the external system 
in the positive- and zero-sequence network are shown 
in figure 17. These circuits consist of a capacitive react¬ 
ance x c and an inductive reactance x a in parallel. In a 
complex external system, x cv x#, x le , and x* of the equiva¬ 
lent circuits in general will not be constant for all har¬ 
monics. 

Figure 17 indicates that with a line-to-ground fault 
and the assumed ratios of xjx t and xjx 2 the capacitance 
required to cause resonance on a grounded system is high. 
Even with open lines, a value of x cl /x 2 as low as 5.4 would 
probably seldom be found in actual systems. For the 
ungrounded system, the amount of capacitance re¬ 
quired for resonance is only about one-fourth to one- 
fifth as much and the ratio x CL /x 1 lies in a not uncommon 
region for large systems with long transmission lines. 



Curve A —No load—fault at maximum flux linkage 

Curve B —No load—fault at minimum flux linkage 

Curve C—Symmetrical components—fundamental frequency only 

Curve D —With x q * = x/ 

O—20-degree load angle—fault at maximum flux linkage 



Figure 16. Line-to-line fault on salient-pole generator— 
maximum voltage at the point of fault—effect of reactance 
tie to system 


460 Transactions Clarke, Weygandt, Concordia — Overvoltages Electrical Engineering 






stability the damping action of amortisseur windings is 
beneficial, but in this case a high-reactance winding which 
will limit the fault current is desirable. An amortisseur 
winding will also keep the field voltage on open circuit 
from reaching dangerous values. These functions do not 
involve the ratio x//x/. However, the recovery voltage 
on clearing faults has been shown 4 to depend on this 
ratio. 


Nomenclature 


Xi = armature leakage reactance 

Xad = mutual reactance of armature direct-axis winding with field 
or amortisseur winding 
Xf ~ field leakage reactance 

Xaq « mutual reactance of armature and amortisseur quadrature- 
axis windings 

Xa ~ direct-axis transient reactance 

x g — quadrature-axis synchronous reactance 

r kd as direct-axis amortisseur resistance 

fkq ■» quadrature-axis amortisseur resistance 

x kd = direct-axis amortisseur leakage reactance 

x kQ - quadrature-axis amortisseur leakage reactance 

i d a= direct-axis armature current 

i q - quadrature-axis armature current 

x d = direct-axis subtransient reactance 

Xg = quadratue-axis subtransient reactance 

x e = external reactance 



*/ + V 




XadXf 

x m 



x/fd = x a d + x f « field self-reactance 
x c = capacitive reactance 

ct d = ——- =* direct-axis amortisseur decrement factor 




IK 

Xkkq 


quadrature-axis amortisseur decrement factor 



Figure 17. Third-harmonic resonance regions for various 
types of faults 


Curve A —Line-to-ground fault, grounded system, xo — X 2 / 2 / 

Xoe = XU/ Co = 0.6 Cl 

Curve S—Line-to-ground fault, grounded system, xo ■ x 2 /2 ; 

xoc 5=3 xu/ Co * Ci 

Curve C—Double line-to-ground fault, grounded system/ xo — 

Xoc =* Xu; Co = 0.6 Ci 

Curve D—Double line-to-ground fault, grounded system, Xo * X 2 / 2 ; 

Xoe = Xief Co = Ci 
Curve £—Line-to-line fault 

Curve F— Double line-to-ground fault, ungrounded system, C 0 = 0.6 Ci 
Curve 6—Double line-to-ground fault, ungrounded system, C 0 =» Ci 
Curve H —Line-to-ground fault, ungrounded system, Co = 0.6 Ci 
Curve /—Line-to-ground fault, ungrounded s/stem, Co = Ci 


x m =» x aq + x kQ — quadrature-axis amortisseur self-reactance 

e a « line-to-neutral armature voltage of the unfaulted phase 

9 = $q -j- t « angle between direct axis and phase-d axis 

fa', = components of direct-axis armature flux linkage 

\p Q , \f/g 2 = components of quadrature-axis flux linkage 

Subscripts 1, 2, 0, a, 0 refer to positive, negative, and zero sequence, 
and to a and 0 components 
Subscript e refers to external circuit 

e - voltage 
i *= current 
Z = impedance 

Appendix A-—Equations for Differential Analyzer 


The equations as set up on the differential analyzer were: 
it' = - Xi'ia + in' 
in' m (*«' — Xt)ii - atSim'dl 


where 


ad 


Xad 


r k d 


Xkd + Xad 

XgdXfd 

x JTd 


= inidalvalue of 

iq “ — Xqiq 4 - \frql 

iqi “ (Xq ~ Xq')iq — CtqJ'+q.it 

where 


(3a) 

(4a) 


(la) 

(2a) 


Xkkq 
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iqn = 0 
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Pa' ~ %T(?eft <l 4* Pq)dt 4- J* e a d($hi 9) 
Pa 588 S( r aiq ~ Pa)dt + f e a d (cos 9) 
where 

1 

*<20 =- 

Pqa *=* 0 

e aQ as — s i n # 0 
*(70 = 0 


(5a) 

(6a) 


*d 

x 


+ Ci - X A\ 

■ \ x c / \x kt + x ai 'J 


sin 5 

Xr 


(8a) 


where 9 


tan 5 = 


Xc Xq 

Equations la to 7a may be derived from Park’s 10 synchronous- 
machine equations, in exactly the same manner as were the equa¬ 
tions of reference 8, and so need not be derived here. It should only 
be pointed out that in equation 5a the expression e a d (sin 9) — e 
cos 6 dt = e d dt, and similarly for the similar expressions of equations 
6a and 7a. This substitution was made in order to obtain the most 
desirable analyzer setup. 

With the equations expressed as above, eight integrators are seen 
to be required. In addition, the two remaining integrators were 
used to generate the required sinusoidal functions 1 * sin 9 cos 6 
so the setup was entirely self contained and required no operators’ 
Figure 11 shows a schematic diagram of the analyzer connections 


Appendix B Calculation of Overvoltages 

The equations of an ideal synchronous machine with any static 
terminal impedance under the conditions that (1) all rotor resistances 
axe negligibly small, (2) the external circuit parameters are con¬ 
stants, (3) the external circuit is symmetric about phase a of the 
synchronous machine, and (4) the rotor speed is constant, are most 
simply and conveniently expressed for the present purpose as • 


e a - [p{x + y cos 29) + r] i a - p y s i n 29 i 0 - Z a (p)i ae 

e “~ ~ Py sia 29 *» - w* - y cos 29) + r] = z 0 (p)i 0e 

e 0 “ ~ lP x 0 + r] i Q = Zo(P)ioe 

where 


Z a (p), ZfHp), Z,(p) = operational impedances of the external con¬ 
nected circuit to the a, 0, and 0 components 
of current, respectively 

4, ip, *o are components of the stator currents de¬ 

fined in terms of the phase currents by the ' 
equations: 


2 . 
T u 


i . i . 

3 lb 3 


H = 


VS H vr 


> (») 


P' tO' 

Vkd + X ai ' 

e a — Sx c i,id{sm. 9) + Vx c iqd(cos 9) (7a.) 

It will be noted that these equations are in an integral form similar 
to those of reference 8. Moreover, the initial conditions are in a 
simplified form valid only for reasonably small r„, since for the range 
of line resistance covered in this investigation the load angle S of the 
machine was usually negligible and the terminal (i.e., at the terminals 
of the capacitance) voltage e„ before the short circuit occurred could 
consequently be expressed as: e c0 = l, e d0 = 0. 

In a few cases it was necessary to take into account the initial 
value of t q , which could be found by the formula 


1 . , 1 . 1 . 
*° = 3 + 7 14 + 3 Ic 


W ipe, He are the similar currents flowing in the external circuit. 
The currents i u , ip may also be expressed in terms of the direct¬ 
ed quadrature- axis components of current by the equations: 


ia = id cos 6 — i Q sin 9 
ip — id sin 9 + i Q cos 9 


‘(4b) 


i a is the component of armature current which produces a field in 
the axis of phase a of the synchronous machine and may be regarded 
as a current which flows through phase a and splits into two equal 
parts which flow through phases b and c in parallel, ip is the com¬ 
ponent of armature current which produces a field in the common axis 
of phases b and c and may be regarded as a current flowing only 
through phases b and c in series. e a , ep, e Q are components of arma¬ 
ture voltage defined by voltage equations similar to (3 b) and (4b). 
In the special case of a machine without an amortisseur winding the 
subtransient reactances x d ", x q " are replaced by x a ', x Qi respectively. 

Equations lb are most easily derived from the equations of a 
synchronous machine (with no external impedance) in terms of 
direct- and quadrature-axis quantities. 10 These are, for zero rotor 
resistances, 

e a = ~ (p x d + r) i d + Xqi q 
e q ~ ~ x d i d — (px q -j~ r) i Q 


‘(5b) 


Now if equations 4 b and the similar voltage equations are applied 
there are equations lb except for the Z a (p), Z 0 (p) terms. It is now 
evident from a consideration of the circuit and the physical interpre¬ 
tations of i a ,y, iae, i 0e , e a . ep that if a static network is connected 
to the machine terminals the complete equations lb are obtained. 
Moreover, if the network is completely symmetric, there is: 


Z«(p) = Zp(p) = Zy(p) = Z,(P) 


(6b) 


where Zi(p), Z 2 (p) are the positive- and negative-sequence opera¬ 
tional impedances of the external circuit. 

For a line-to-line fault, as shown in figure 1, ther e is 


Z a (P) = 


P 


(7b) 


■ (lb) 


* = -£•(*<*' + V) 


? = 2 (*/ “ V) 

r ■* armature circuit resistance 
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(2b) 


and there are no zero-sequence currents or voltages 
Before the fault let 

e a = — sin (0 O - 0 + t) 

where 0 is the load angle. Then, from (36) 

e a = - sin (0 O - 0 4- t) 

ep = cos (0 O — 0 4- /) 

The fault is equivalent to the application of a voltage at the ter¬ 
minals of the machine equal and opposite to e fi . Thus when the 
voltage e 0 cos (0 O + t) is applied to equations 16, we obtain 

the components of current caused by the fault. Further the ter- 
mmal voltage e a is given by 


* • 
e * = ~ la 

P 
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and the total resultant is obtained by adding e* to the voltage exist¬ 
ing before short circuit. If the speed is constant the current may be 
obtained as follows. 

Equations 16 may be written 

[£(1 + y* cos 26) + r* + Za(p)] xia 4- ( py' sin 26) xip — 0 
( Py 9 sin 26) xi a 4- [£(1 — y' cos 26) + r'] xip = cos (d 0 + 0 
where 



It is difficult to obtain a simple finite operational solution to equa¬ 
tions 96 because of the presence of the periodic time functions in the 
current coefficients. However a solution may easily be found by 
expanding the currents in powers of the troublesome coefficient y r 
about y' — 0. We then have 

ia =* icto + i*o'y' 4- "tt" y' % 4* 

A 1 

is* 

ip * ipo 4- ipo'y' + ■gj" y'* 4* 




and negative-sequence components of currents, voltages, and im¬ 
pedances and the a- and ^-components. 

ia — i a l + ia2 

ip = - j(iai - iai) 


e a =* € ai 4" e a 2 
60 = -K*a t - Art) 


iai - “ Ha 4- jip) 


i<t2 = J (ia - 


4»l - — (*« 


e a2 = “ 7 5 j8) 


^ - - (Zt + Z 2 ) 

Z\Z 2 1 

Za = 2 zmi -1 (Zi+Zs) 


(12b) 


where the primes on the currents indicate differentiation with re¬ 
spect to y' and the subscripts zero indicate evaluation at y* = 0 . 

To obtain icto, ipo we have merely to let y' =* 0 in equations 96 
and then to solve the resulting two independent equations opera¬ 
tionally. Next, to obtain i a o\ ipo' we must ( 1 ) differentiate (96) 
with respect to y', (2) let y f — 0, (3) substitute for i a o, ipo their 
values as previously found, (4) obtain the operational solution to the 
resulting equation. To obtain iao", ip 0 * we proceed in exactly the 
same way by differentiating again and utilizing the previously found 
values of i a o\ ipo'- For the general coefficients i a o n \ ipo 1 ' of (106) 
there are the equations, 


Reference Vector 

In the method of symmetrical components, sinusoidal voltages and 
currents of fundamental frequency are represented by vectors re¬ 
ferred to some particular vector as reference. Thus, if the voltage 
e a of phase a at some specified point leads the reference vector by an 
angle a, it is written 

e a ° 1 g B I [a = Eg [a 

To express e a as a function of time, let the fundamental frequency 
component of e a be written 


[p+r 1 + Z a \p))iJ n ~ l >' - ) 

- np [(cos 20) * o . 0 (n iy + (sin 29) ] VIlb) 

[p + r'] ig *' — — np [(sin 26) i a J n ~ iy — (cos 26) igj n ~ iy ] ) 

The currents, and consequently the terminal voltage by equation 
86 , are now determined as infinite series of transient and steady- 
state terms which, however, converge rapidly because in the usual 
case y is much smaller than unity. Figure 10 shows for a particular 
case a comparison of voltage calculated by the formulas developed 
above with a curve taken on the differential analyzer and with a step- 
by-step solution of equations 16. Only the first two terms of (106) 
were considered in calculating the points of figure 10 . 

If only the steady-state (as far as armature transients are con¬ 
cerned) voltage is desired the equations are very much simplified 
since then the currents and voltages appear only as a series of odd- 
harmonic terms and the operational impedances of equations 16 
and 116 may be replaced by steady-state impedances at the proper 
frequency. Figure 9 shows a comparison of maximum overvoltages 
calculated by this simplified method with the overvoltages obtained 
by the differential analyzer. 

A second method of procedure in solving equations 16 is to assume 
that currents and voltages of fundamental frequency can be deter¬ 
mined with sufficient accuracy by the method of symmetrical com¬ 
ponents. It can be applied to systems of any degree of complexity. 
Since symmetrical components are in general use, the procedure in 
determining instantaneous currents and voltages following faults will 
be given in terms of symmetrical components, the a- and ^-compo¬ 
nents being used only to pass from direct and quadrature components 
to symmetrical components. An advantage of using a- and /3- 
components over positive- and negative-sequence components, is 
that the relations among the a and j 8 currents and voltages may be 
expressed by real coefficients. 

-r The following equations give the relations between the positive- 
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e ia *■ — Eia sin (6 + ai) « E x a /d + a\ 

and the nth harmonic component of e a 

e m » - E na sin (nd -f a n ) = Eng /nd + a n 

where 6 is the position of the axis of the rotor of a specified machine 
in electrical degrees measured from the axis of phase a. 

The following expressions for instantaneous values of currents 
and voltages of any frequency will be used interchangeably, 

— V sin (nd ^ a) «** V /nd =*= a 

V cos (nd a) « — jV /nd =*= a — V /nB =*= a — 90° 

=■= j V sin (nd 4 - a) = V sin (nd 4* a *** 90°) =* =*= V cos (nd 4* <*) 

dt jV cos (nd 4- a) = V cos (nd + a =* 90°) =* ^ V sin (nd 4- «) 

Let 

inai = positive-sequence nth harmonic current 

- - jlnai [n^+otni ** Inal COS {n6 + a„i) 

i nai a= negative sequence nth. harmonic current 
= -jlrna /n$ + ant - Inai COS (vB + ct n i) 

where a n \ and a n2 are determined by the system impedances, type 
of fault, and load angle. 

Generated Voltages 

When x q * =* x/, currents and voltages following faults will in.the 
general case have a fundamental-frequency term, one or more natu¬ 
ral-frequency terms, and a d-c term. These can be determined by 
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ZERO POTENTIAL 
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Figure 18. Equivalent cir¬ 
cuit (or line-to-ground fault 
for use in determining har¬ 
monic currents and voltages 


applying a voltage at the fault equal and opposite to that which ex¬ 
isted there before the fault and adding resulting changes in currents 
and voltages to initial values. When Xq* 7 * x/, additional voltages 
are generated. From (16) the voltages generated by sinusoidal cur¬ 
rents ia. and ip of any frequency are 


e a *= — py( cos 26i a + sin 26i$) 
ep = — £y(sin 26i a — cos 20ip) 


(14b) 


Replacing i* and ip in (146) by their positive- and negative-se¬ 
quence values from (126) and substituting for them the expressions 
in (136), positive- and negative-sequence voltages generated in a 
given machine can be determined as follows: 

e<t - - py[Inai fcos 25 cos (nd + a al ) + 1 

sin 26 sin (n8 + <x nl )} + /jtaafcos 26 cos (nd + a n2 ) — 

sin 26 sin ( n6 + a n2 ) I ] 

“ “ Pylhai cos {(n - 2)6 + a nl ] + 

Inal COs{(» + 2)6 + a n2 ] ] 

- (» - 2)y/ nfll sinl(» - 2)6 + a nl } + 

. (» + 2)yl na2 sin {(n + 2)5+ a n2 \ 

t (15b) 

ep = - py[I na iism 26 cos(n6 + <x nl ) - 
cos 25 sin (nd + a nl ) j + ' 

I na2 {sin 25 cos (#5 + a n2 ) + cos 25 sin (nd + <* n2 )} ] 

** — py[— I ml sin{(»— 2)5 + a nl } + 

Inai sin \(n + 2)5 + a n2 }] 

. - (» - 2) y/«ai COS {(tt - 2)5 + a nl ) - 

(* + 2)^2 cos((w + 2)5 + « w2 ( 

If n £2 


no decrements. Natural-frequency and even harmonic terms will 
disappear in the steady state. 

Table II gives the positive- and negative-sequence odd-harmonic 
voltages generated by positive- and negative-sequence odd-harmonic 
currents. 

Procedure in Determining Steady-State 
Values of Currents and Voltages Following Faults 

Assuming zero resistance in the field for machines without amor- 
tisseur windings and also in the amortisseur for those with amortis- 
seur windings, the procedure for determining currents and voltages 
in the steady state following faults is as follows: 

1. Calculate currents and voltages of fundamental frequency in the system by 
means of symmetrical components. Since it has been assumed that fundamental- 
frequency currents and voltages are determined with sufficient accuracy by this 
method, voltages of fundamental frequency generated in machines in which 
xa” x q " will be neglected. 

2. From the negative-sequence current flowing in machines in which xd H s** 
x q n , determine the third-harmonic positive-sequence generated voltages from 
table II. 

3. From third-harmonic positive-sequence generated voltages determine by 
symmetrical components the third-harmonic voltages and currents in the sys¬ 
tems, assuming positive and negative impedance of the synchronous ma* 
chines to third-harmonic currents to be 3jw. xt may differ slightly from the 
fundamental-frequency value. 

4. From the negative sequence third-harmonic currents flowing in machines in 
which xd” r 6 Xq", determine from table II the fifth-harmonic positive-sequence 
generated voltages. 

Proceeding in this manner, odd-harmonic currents and voltages 
can be determined at any point of the system. 

It is also possible to calculate the transient voltage caused by odd 
harmonic currents and, by using the natural frequency and even 
harmonic Currents in equations (146) to calculate the generated 
transient voltages and from them in turn the resulting terminal 
overvoltage. 


Appendix C—Equivalent Circuits 
for Various Types of Faults 

Let i a , it, and i c be phase currents flowing into the fault; Z Q (p) the 
zero-sequence impedance viewed from the fault; e a , e & , and e c the 
phase-to-ground voltages at the fault, and e a , ep, and e 0 their 0 -, 
and O-components, respectively. 

Line-to-Ground Fault (Phase a) 


- — (« - 2 )yl nai sin [O - 2)9 + a n i] + 

(n + 2)y JaasSin [(» + 2)9 + <*„,] (16b) 

«<u + 2 )yl n ai sin f(n + 2)9 + ot ni ] 

2)y I na , /(n + 2)9 + a ni ~ 

(n +2) y/26 - 90° i mi (17b) 

<tai “ (n - 2 )yl nal sin [(» - 2)6 + <*„,] 

- - (w — 2)yT nal /(n - 2)9 + a nl - 

(n — 2)y /—29 - 90° 4qi ( 18 b) 

If n « 1 ' 

«« * ylnai S:in (5 - « ttl ) 

• yhai /j — = y- /z*s 90 ° % lal ( 19 b) 

e ai =* 0 

From (176), (186), (196), positive- and negative-sequence voltages 
generated by harmonic current without decrements can be deter¬ 
mined. 

Steady State 

Since zero rotor resistance has been assumed in the direct and 
quadrature axes, there will be no field decrements and fundamental- 


conditions at the fault are: 

4 - H * 0; e a = 0 

From (36) 

ip « 0 ; i a = 24 ; e a = — e Q 

Table II. Positive- and Negative-Sequence* Odd-Harmonic 
Generated Voltages 


Positive-Sequence Odd-Harmonic Voltages Generated in Machines by Nega¬ 
tive-Sequence Currents 

etai ** Zyhai sin (3<? -f- ai 2 > « — 3yJi 0 a/3g + a% * 3 y/2d — 90 ° iiai 

eta i “ Sylaoi sin (50 + ass) “» — 5yh a 2/50 + cm ■ 5 y/2 9 — 90° has 

enai - 7 yls a 2 sin (70 + 052 ) - — 7yha i/70 + ctu » 7 y/29 - 90° *s«8 

etai “ 9y/7os sin (95 + a72) — Qylia s/QO + 027 m Qy /20 — 90° itat 

Negative-Sequence Odd-Harmonic Voltages Generated in Machines by Posi¬ 
tive Sequence Currents 

eiai “ y/sai sin ( 0 + asi) « — «' y/ —20 — 90° »iqi 

«o 2 “ 3y/boi sin (35 + an) *=» — Zyhq\ /Z0 +,an — 3y 7—2? — 90° tt a i 

eigi — Sy/7«i sin (55 + a7i) —oyhai /50 + «7i « 63 / —20 — 90° hoi 

eiat -• 7y/ooi sin (75 + <xbi) * —7yUgi /70 + wi ■ 7 y / —25 — 90°-i >ai 


frequency and odd-harmonic terms of currents and voltages will have *<* and p voltages when required can be obtained from table II and (12$). 
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It follows that 


At the fault, 


— eo = Zo(p)io 


Zip) . 

2 * a ~ e * 


(lc) 


From (lc) the equivalent circuit to replace the fault in the a-net- 
work is Zq(P)/2. When x d ~ x Q \ the / 8 -network is not involved, 
ep is not changed by the fault, and e a and e Q have only fundamental- 
and natural-frequency terms. In machines in which x/ 5 * x q *, 
fundamental-, harmonic- and other frequency voltages are generated 
(see appendix B ) which affect e a , ep, and e Q . 

At the fault, since e a = — e b , e a , e b , and e c are: 


6q * 6<x “|” Co ** 3 Co ™ “ €a 
e b « e c - 0 


(5c) 


In figures 18, 19, 20 are shown the equivalent circuits for line-to- 
ground, line-to-line, and double line-to-ground faults at the terminals 
of a synchronous generator with series impedance connected to any 
symmetrical external system in which the positive- and negative- 
sequence impedances are equal. Z ie (p) and Z Qe (p) are the opera¬ 
tional expressions for the positive- and zero-sequence impedances 


e a — e* + eo = 0 

1 V3 3 

e *> = - Tj- «<* + *o- ep = — e Q - 

V3 


V3 


2' 60 ~ 2 Ca 2 60 


1 , , VS 3 

~ 2 e “ + e ° + ~ ef> “ ~2 e ° + 


V3 


■ep 


3 ,V3 

~2 a + T 60 


Line-to-Line Fault (Phases b and c) 

Conditions at the fault are: 

4 = “ 4» 4 “ e J> “ e c 

From (36) 


ZERO POTENTIAL 



ZERO POTENTIAL 
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|r+px 2 ^ 
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Figure 20. Equivalent cir¬ 
cuit (or double line-to-ground 
fault for use in determining 
harmonic currents and volt¬ 
ages 


4 ** 4 ** 0; ep — 0 

For a system symmetrical before the fault, the zero-sequence net¬ 
work is not involved. The /3-network is shorted at the point of 
fault. The a-network is unaffected when x d " = #/, but when 
x& 9 * x Q " voltages are generated in the machines which affect ea. 
(see appendix B). At the fault. 



Double Line-to-Ground Fault (Phases b and c) 


Conditions at the fault are: 

4 “ 0; e b « e c « 0 
From (36) 

ep = 0; e a = 2e o; 4 * — 4 
It follows that 

2ea ** —* 2Zo(P)to — 2Zlp)i^ = e& (4c) 


of the external system. r 0 + px 0 is the zero-sequence impedance of 
the generator. The positive- and negative-sequence impedances 
of the generator to currents of frequencies other than fundamental is 
approximately r + pxt, except for very high frequencies. This is 
also the a and jS impedances to them. 

Except for voltages of fundamental frequency which are deter¬ 
mined by the method of symmetrical components, the equivalent 
circuits of figures 18, 19, 20 can be used to determine all other com¬ 
ponents of current and voltage. The principal natural-frequency 
terms are calculated by the application of a voltage at the point 
of fault equal and opposite to the initial steady-state voltage. The 
point of application of voltages generated when x/ 7 * x q is taken in 
the machine. 

Resonance to Harmonics 

Harmonic voltages are generated in machines in which x d 7 * x q r . 
The external impedance which will cause resonance for various types 
of faults can be determined from the equivalent circuits as follows: 

From equation 2c and figure 18, resonance for a line-to-ground fault 
can occur either in the unfaulted /3- circuit or in the a-circuit. For 
resonance to the nth harmonic in the / 8 -circuit there is the equation: 


The equivalent circuit to replace the fault in the a-network is there¬ 
fore 2Z 0 (p). The / 8 -network is shorted at the point of fault. When 
x a " — Xq, there is no mutual coupling between the a- and /3- 
networks, but when x/ 7 ^ voltages are generated in the ma¬ 
chines which affect e a and e 0 . (See appendix B.) 


nx 2 = negative reactance component of Z le (p) 
For resonance in the a-circuit, 


7*0 -{- px 0 Z 0e (P) 

nx 2 — negative reactance component of —--, —-—, and Z le (p) 

2 2 


ZERO POTENTIAL 
FOR a-NETWORK 


Noc(P) 


Jr+ px 2 
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Figure 19. 
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Equivalent circuit for line-to-line fault for use 
in determining harmonic currents and voltages 


in parallel. 

It is thus possible to have resonance to one harmonic in the a-cir¬ 
cuit and to another in the /8-circuit. 

For the line-to-line and the double line-to-ground faults resonance 
can only occur in the a-circuit. For the line-to-line fault it will oc¬ 
cur when 

nx 2 =* negative reactance component of Z ie (p) 

For the double line-to-ground fault when 

nx 2 — negative reactance component of 2(ro 4* Px 0 ), 2Z 0e (p), and 
Z le (p) in parallel. 
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Discussion 

D. E. Brainard (General Electric Company, Schenectady, N. Y.): 
The authors have pointed out that they controlled the point on the 
voltage wave at which the short circuits were applied. By choosing 
the point of maximum linkages they obtained the maximum possible 
overvoltage. When the usual random shots must be accepted, it 
is necessary to estimate the maximum overvoltage for a given ma¬ 
chine by observing the point on the cycle at which each value of 
overvoltage occurs. 

This procedure was applied in the case of a 26-pole, 1,250-kva 



Figure 1. Open- 
phase voltages fol¬ 
lowing single-phase 
line-to-line short 
circuits (as a func¬ 
tion of linkages in 
shorted phase when 
shorted) 


Tests on 26-pole 1,250-kva 600-volt machine bavins copper amortlsseur winding without 
connected end rings 

*q*/xd* .■» 1.33 by static test at 1.0 per unit current 
Per unit voltage before short as follows; 


x - 0.33 a - 0.66 


0 - 1.00 


Figure 2 SINGLE-PHASE SHORT CIRCUIT ON SYNCHRONOUS MACHINE 

ROTOR 3-PHASE STATOR 



WOUND-ROTOR INDUCTION MOTOR WITH SINGLE-PHASE 
ROTOR AND STATOR OPERATION 

3-PHASE STATOR 3-PHASE ROTOR 



600-volt generator having a copper amortisseur winding without 
connected end rings. With the machine operating at 0.33,0.66, and 
1.0 per unit voltage, single phase, line-to-line, sudden short circuits 
were applied. The values of the ratio of the maximum voltage ob¬ 
tained on the open phase to the voltage before the short are plotted 
in figure 1. These voltages were measured by an oscillograph both 
from open line to neutral and from open line to shorted lines. The 
angle was determined from the oscillogram of the voltage between 
the two terminals which were shorted. 

A curve drawn through the test points gives a maximum ratio for 
the line-to-neutral case of 1.68 for the short from 0.33 voltage. 
The short-circuit current for this case is of the order of rated cur¬ 
rent for which condition static tests show a ratio of *//*/ = 1.33. 
The formula given in the paper gives a maximum voltage ratio of 1.66 
with which the test is in substantial agreement. It is to be noted, 
however, that the line-to-line-voltage ratio reaches a maximum of 
only 1.6 for the same conditions. 


J. H. Fortenbach (nonmember; General Electric Company, Schenec¬ 
tady, N. Y.): The problem of single-phase short circuit on a syn¬ 
chronous machine is analogous to the problem of a wound-rotor in¬ 
duction motor when operating with single-phase excitation on the 
stator and with only one phase short-circuited on the rotor. The 
chief differences are that the induction motor is a round-rotor ma¬ 
chine and the excitation is alternating current rather than direct 
current. Figure 2 illustrates the analogy. 

We have known for many years that operation of a wound-rotor 
induction motor in such a manner produced abnormal voltages across 
the open phases. From the various tests which were made in the 
past, it was found that under these conditions the voltage across 
the open phase of either the rotor or stator might be in the order 
of ten times normal. 

The most recent tests which we made on a three-phase wound- 
rotor induction motor with single-phase rotor and stator were taken 
in 1931. These were made on an 8-pole 15-horsepower 900-rpm 
220-volt three-phase 60-cycle motor. The motor, at first un¬ 
excited, was driven and held at a constant speed. Single-phase 
normal voltage was then suddenly applied across two stator lines. 
The oscillogram (figure 3) shows a typical result for the case when the 
machine was driven at 900 rpm. 

By assuming that the mutual inductance between a stator and a 
rotor phase is proportional to the cosine of their relative angular 
displacement and that the rotor and stator resistances are equal to 
zero, we were able to calculate (for the steady state) the voltages and 
currents shown by the oscillogram. 

The method used was to set up in operational form, the self and 
mutual induced voltages in each phase of the rotor and stator. The 
six equations resulting were solved for the steady state condition. 
The calculated results for one of the open stator and one of the open 
rotor voltages are shown by figure 4. 

The circled points are the tested values taken from the oscillo¬ 
gram. 
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Figure 3 

A —Open-stator voltage/ one centimeter *= 328 
volts 

B —Open-stator voltage; one centimeter = 518 
volts 

C—Rotor current; one centimeter = 115 amperes 
D—Applied stator voltage; one centimeter = 622 
volts 

£—Open-rotor voltage; one centimeter = 516 
yolts 

F —Open-rotor voltage; one centimeter = 258 
volts 



E. M. Hunter (General Electric Company, Schenectady, N. Y.): 
This study of overvoltages caused by unbalanced short circuits de¬ 
scribed by the authors is illuminating when viewed in the light 
of operating experiences reported on ungrounded-neutral systems. 
The disturbances resulting from overvoltages during ground faults 
on ungrounded neutral systems have been described frequently in 
the technical press. They have been attributed to “arcing grounds.’’ 
Numerous attempts have been made to reproduce “arcing grounds” 
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during staged tests with little success, which has led to the suspicion 
that the overvoltages that have occurred should be explained in some 
other way. 

The authors’ figure 17 shows the areas in which overvoltages may 
occur. A study of this figure indicates that the chances of obtaining 
the overvoltages described are greater on the ungrounded-neutral 
system. It would appear that at least some of the overvoltages pre¬ 
viously attributed to “arcing grounds” have actually resulted from 
the phenomena described in this paper. 

The authors have suggested that to reduce the overvoltages, the 
generators be equipped with amortisseur windings. The ground 


Figure 5. Line-to- 
ground fault—maxi¬ 
mum voltage of the 
unfaulted phases in 
per unit of crest 
voltage before the 
fault. Constant rotor 
flux linkages—resist¬ 
ance and capaci¬ 
tance neglected— 
maximum flux link¬ 
ages 
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fault neutralizer (Petersen coil) is also effective in reducing them. 
On a system with a neutralizer the zero-sequence impedance is in¬ 
finite. Accordingly, during line-to-ground faults, there is no flow 
of positive or negative fault current. When the neutralizers are 
located on the system, there is little negative-sequence current flow¬ 
ing to produce the excitation necessary for the overvoltages. Re¬ 
ferring again to the authors' figure 17, curves F, G, H, and I represent 
the areas where resonance occurs and overvoltages may be serious for 
single and double line-to-ground faults on ungrounded neutral 
systems. These areas are eliminated with ground-fault neu¬ 
tralizers on the system. 


Edith Clarke, C. N. Weygandt and C. Concordia: Mr. Brainard's 
tests illustrate the effect of closing angle and show that in order 
to obtain consistent results, control of this angle is essential. He also 
finds that the ratio of line-to-line voltage after the fault to that be¬ 
fore the fault is smaller than the corresponding line-to-neutral volt¬ 
age ratio. In thepaper it is shown that theoretically the relation is: 
(line-to-line voltage ratio) = 0.866 (line-to-neutral voltage ratio). 

The results presented by Mr. Fortenbach are particularly interest¬ 
ing since they show such an excellent theoretical check of the ob¬ 
served steady-state voltage wave and since they demonstrate the 
essential similarity of synchronous and induction machines as far 
as these overvoltages are concerned. 

As brought out in the paper, a line-to-line fault was studied in 


detail because it may result in the highest voltages and because it 
is the type most affected by changes in x q /x d . To show the effect 
of Xq /x/ on voltages arising from line-to-ground faults without 
capacitance, figure 5 of this closure has been included. The curves 
of figure 5 show that for small x q /f /x d t ' the overvoltage at the fault 
increases with increasing xo, while for large x q /x d the situation is 
reversed and the overvoltage decreases with increasing Xo. It has 
been pointed out by Mr. Hunter that the effect of a ground fault 
neutralizer is to make x Q = co, so that voltages at the fault would 
then be practically limited to the value shown in the figure for 

Xo — co. 

For the case studied, the open phase voltages are given by: 

3 a/3 

- - — e« + ~ [«(J + cos (0 - a)] 

3 a/3 

e c - - —e a - — [e/j + cos (0 - a)] 


where 


[*o + 2 x + 2y cos 20]sin0 — 4 y sin 20(cos0 — cosflp) 
[*o + 2 x + 2y cos 20] 2 


ep - 2y X 

(xo+2 x+2y cos 20) sin# sin2fl — [4 y + 2(ao+2s)cos2fl](cosfl—cosflp) 
[*o + 2 x -1- 2 y cos 20] 2 
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Resonant Nonlinear Control Circuits 


By WILLIAM T. THOMSON 

ASSOCIATE AIEE 


Synopsis: The resonant type of nonlinear circuit containing a re¬ 
sistance, a condenser, and a saturable-core reactor is finding a num¬ 
ber of applications in the various engineering fields, 1 and an analyti¬ 
cal treatment has here been developed to add to the understanding 
of the behavior of such circuits. Certain features of the superposi¬ 
tion of a d-c magnetizing force on the reactor are discussed. A 
method of increasing the sensitivity of this d-c controlled circuit, 
with a mathematical analysis for the criteria of stability and ampli¬ 
fication is given. Finally, a specific application of the circuits dis¬ 
cussed to a sensitive and stable power controlling device is described. 

T HE GENERAL characteristics of the resonant non¬ 
linear circuit have been known for some time. 2 How¬ 
ever, in order to determine specifically the behavior 
of such circuits, an analytical treatment is necessary. 
With such an analysis it is possible to calculate the critical 
resistance, the critical voltage and the critical current, 
and a better understanding of such circuits is gained. 

The Series Circuit 

For the general characteristics of the nonlinear circuit, 
the reader is referred to the paper on nonlinear circuits by 
C. G. Suits. 8 For orientation purposes, however, some 
of the properties of the series nonlinear circuit will be 

Paper number 37-66, recommended by the AIEE committee on basic sciences 
and presented at the AIEE winter convention, New York, N. Y., January 24- 
28, 1938. Manuscript submitted May 27,1937; made available for preprinting 
November 1, 1937. 

William T. Thomson is an instructor of applied mechanics at the Kansas State 
College of Agriculture and Applied Science, Manhattan. 

1. For all numbered references, see list at end of paper. 


briefly reviewed. Figure 1 illustrates the typical volt- 
ampere relation of such circuits. The observations to be 
noted here are: 

1. Upon reaching a certain critical voltage, the current takes an 
abrupt rise. 

2. The steepness of this rise in the critical region is some function 
of the resistance. 

3. If this resistance is reduced to a value less than the critical re¬ 
sistance, the circuit becomes unstable in the critical region and dis¬ 
plays a hysteresis effect. In this unstable region, the slope dE/dl 
of the curve becomes negative. See figure 4. 

4. The magnitude of the current jump is some function of the con¬ 
denser size. 

The peculiar volt-ampere relation found in such cir¬ 
cuits is due to the joint action of saturation of the iron 
and the partial resonance of the circuit. Figure 2 is an 
oscillogram illustrating the cumulative action of the cur¬ 
rent jump in the unstable region. 

With these points in mind, the problem will be treated 
analytically. Referring to the unstable curve of figure 1, 
there exist two points on the curve where dE/dl = 0. 
Since with a critical resistance in the circuit these two 
points merge into one, the value of the critical resistance 
can be obtained by equating the two expressions for the 
current when dE/dl = 0. 

Unfortunately very little is known of the nonlinear dif¬ 
ferential equation encountered for such circuits, and there¬ 
fore one must resort to the use of an equivalent sine wave 
and treat the problem vectorially. With such a method, 

it is obvious that the reactance 



ROpT-MEAN-SQUARE VOLTS (SINE WAVE) 


Figure 1, Characteristics of the series circuit 
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and the apparent resistance 
of the reactor must be ex¬ 
pressed in terms of the effec¬ 
tive current. This is readily 
accomplished by the following 
vector relation: 



W 

Rl-j; (2) 

where 

X L *= effective reactance of the 
reactor 

Rl * apparent resistance of the 
reactor 

El = effective voltage across the 
reactor 

W *= watts consumed by the 
reactor 

I «= effective current 

In plotting X L and R L 

against the current, the curves 
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appear as in figure 3. Since the critical condition always 
occurs on the negative-slope portion of the reactance 
curve, it is only necessary to fit an equation over this 
region. The equation best fitting these curves is a rec¬ 
tangular hyperbola with displaced axis, and R L and X h can 
be expressed as follows: 


Rl — , , + 

a +1 

(3) 


(4) 


where A, a, B, 8 , K\ and are constants of the reactor. 
The constants are calculated by taking three points cov¬ 
ering the desired interval of the curve. 

Using these expressions in the voltage equation; 

E - iVR' + X* (5) 

where 

R =* Ro + Rl, the sum of the series and the apparent resistance of 
the reactor 

X = X L — X c , the difference in the reactive impedances, 

equation 5 can be differentiated with respect to the cur¬ 
rent and set equal to zero. 


and the critical resistance found from equating the two 
equations above is; 

* ■ - s -1 <*• - *•+Vd7+1 <*• - *•> <»> 

The critical stable voltage with a critical resistance in 
the circuit is then found by substituting R 0 and I m in 
equation 5. 

The equations derived in this analysis are found to be 
in very good agreement with the experimental values, the 
test being performed with four different reactors and 
various sizes of condensers. The tabulation of results 
with a comparison with the experimental values for one 
of the reactors is given in table I. 

It is evident from these equations that the current 
jump increases as X e decreases, as observed in figure 1, 
and when the value of the capacitance is equal to the 
constant K% of the reactor, the current rises to a very large 
value. Also, for this condition, the critical resistance 
will be equal to zero. For any resistance less than the 
critical value, the same analysis can be made, in which 
case the values of I\ and li must be used in calculating the 
critical and the release voltages. In summarizing the 


*{* +I ir) +x ( x+, iir)-° <«> 

The difficulty with this last equation when the expres¬ 
sions for X L and R L are substituted is that it is not solvable 
mathematically. However, by plotting equation 6 for 
various values of resistance it is found that the current 
for the maximum negative dE/dl is practically independ¬ 
ent of the resistance. This is shown in figure 4. There¬ 
fore by differentiating equation 6 neglecting the r esistan ce 
term and setting it to zero, the current corresponding to 
the critical stable voltage is expressible as: 


Figure 3. React- 
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Also, the current corresponding to the critical and release 
voltages for the case with a resistance less than the critical 
value can be expressed approximately by; 

* ' + v?. - & - *. <»> 

- ~fi + x^kT+ 2R> 


behavior, of the series resonant circuit containing a non¬ 
linear realtor, it can be stated that such a circuit is voltage 
sensitive in the critical region. 

The Parallel Circuit 

Although the behavior of the parallel circuit was not 
studied in great detail, some points of interest will be 
briefly discussed. Figure 5 represents the volt-ampere 
relation of the parallel circuit, and instead of the circuit 
being voltage sensitive it is known to be current sensitive. 
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Table I (Reactor 1) 



Calculated Values 


Experimental Values 

X c 

Ro 

Im 

E 

Ro 

E 

26.. 






43.. 

...... 18.... 

....2.48 ... 

....322.... 

. 30... 

....323 

03.. 


....1.13 ... 

....282.... 

. 60... 

....284 

188.. 


....0.653... 

....245.... 

.114... 

....248 

272.. 

......151.... 

....0.490... 

....218.... 

.145... 

....224 

355.. 


....0.395... 

....200_ 

.170... 

....205 

460.. 

.206.... 

....0.305... 

....186_ 

.190... 

.... 186 


dl_ 

dE 


dl_ 

dI L 


dljj 

dE 


( 11 ) 


and when 

dl 

dI L 

u jr + x L - x e - o 

ali 


(13) 


-(9 + 




* 



Figure 5. Char¬ 
acteristics of the 
parallel circuit 


As in the series circuit, the critical region characterized 
by the negative slope is some function of the resistance. 

One thing of interest here is that the critical voltage 
and current for the reactor branch of the parallel circuit 
are essentially the same as those for the series circuit. 
Starting from the expression, 



the critical condition is found when dI/dI L = 0, since 
dIJdE cannot become zero for any region. Neglecting the 
resistance, 


( 12 ) 


(14) 


100 200 300 

ROOT-MEAN-SQUARE VOLTS (SINE WAVE) 


The Generalized Form 
of Reactance and Apparent Resistance 

From the foregoing it is evident that in order to predict 
the behavior of the circuits discussed, the reactance and 
the apparent resistance of the reactor are necessary. The 
two quantities can be predicted approximately for any 
reactor provided certain experimental data for the iron 
are at hand. 

The first of these is the effective permeability curve 
shown in figure 6. Since the reactance is 

0.4* N*A 


l 


; n X 10-8 


When the expression for X L is substituted into equation 
13, the resulting equation becomes; 


and it is seen that this is essentially the same equation 
as that of the series circuit. 

Since the reactor voltage is known for this current, and 
is also equal to the condenser voltage, the line current I 
is found by vector addition. 


Figure 4 


from this permeability curve, it is possible to determine 
the reactance of any reactor using the same iron. 

In the same manner, the apparent resistance of any 
reactor can be obtained from the second curve of figure 6. 
This curve was calculated from the density-core-loss 
data and the a-c magnetization curve. The apparent 
resistance curve is obtained by multiplying the values of 
this last curve by ( N/l ) 2 and the number of pounds of 
iron used. 

Although, in the method described above, the effect 
of the leakage flux and the air gap are assumed to be the 
same as that of the test reactor- from which the data is 
obtained, the results obtained by this method agree very 
well with the actual curves. 

The Series Circuit With D-C Saturation 

Some points of interest in regards to the series resonant 
circuit with a d-c magnetizing force superimposed on the 
iron-core reactor was investigated mainly from the utility 
point of view. 

To superimpose the d-c flux, the well-known three- 
legged reactor commonly used in controlling theater light¬ 
ing was used. If the volt-ampere relation for such a 
reactor is plotted for various values of d-c saturation, it 
would be found that the effect of the d-c is to shift the 
magnetization curve to the right. 4 Also, the d-c satura¬ 
tion decreases the maximum of the reactance curve and 
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Figure 6. Generalized curves for reactance and apparent 
resistance 



Figure 7. Series circuit with direct current superimposed 


shifts it in the same direction. It will be found here that 
for a large value of a-c ampere-turns per inch, the react¬ 
ance curves all come together and, therefore, in this re¬ 
gion, the d-c controllability is greatly decreased. This 
will then determine for the d-c controlled circuit, the 
upper limit of the a-c ampere-turns per inch. The lower 
limit will obviously correspond to the peak of the reactance 
curve with zero d-c saturation. For the iron used in this 
investigation (Allegheny dynamo grade) the useful range 
of the a-c ampere-turns per inch is roughly between four 
and 30. 

When the three-legged reactor is used in series with a 
condenser and a resistance, the volt-ampere relation will 
appear as in figure 7. Here it is noted that the effect of 


increasing the d-c saturation is to shift the curve upward 
and the critical voltage to the left. 

When this circuit is operated with a constant voltage 
and the circuit controlled by the d-c coil, the locus of the 
a-c current will be along a vertical line such as that shown 
in the diagram, and it is seen that the change in the a-c 
current is greatest between certain values of d-c satura¬ 
tion as shown by curves 2 and 3. Therefore, if a very sen¬ 
sitive control is desired, it is possible to bring the circuit 
up to this sensitive level by means of another coil and 
operate the circuit about this region. By connecting 
two such circuits biased to this sensitive level in a bridge 
form, the initial output can be made equal to zero and 
the disturbing effect of the line-voltage fluctuation greatly 
eliminated. 

When operating with a d-c bias, some difficulty is en¬ 
countered when the controlling power is very small. This 
is due to the fact that with a d-c level of magnetization, 
there is a voltage induced in the control coil which may 
render the circuit unstable. With a d-c level of saturation, 
the flux variation in the two a-c legs of the reactor be¬ 
comes unequal. The difference in these two fluxes must 
then flow through the center leg of the reactor, thereby 
inducing a voltage in the control coil. An analysis from 
the magnetization curve indicates that this unbalance of 
flux is mainly in the opposite direction to that of the 
control coil, and therefore is demagnetizing. For these 
reasons, it is advantageous to prevent this unbalance of 
flux from flowing in the center leg. This is accom¬ 
plished by placing a short-circuited coil around the d-c 
leg. 

With this short-circuited coil, an interesting difficulty 
was encountered. If the resistance Ro in the circuit is 
reduced to a value less than the critical resistance, the 
circuit goes into a low-frequency oscillation. The oscil¬ 
logram of figure 8 illustrates this phenomenon. It is 
found that the frequency of this oscillation is mainly a 
function of the d-c magnetizing force. This low-fre¬ 
quency oscillation, however, was checked by increasing 
tixe resistance to a value greater than the critical resist¬ 
ance of the circuit. 

A Regenerative Method of Increasing the 
Sensitivity of the D-C Controlled Circuit 

Noting that in any amplifying device if a part of the 
output is fed back to the input, the over-all gain is greatly 
increased, a scheme similar to that of the regenerative 


1 

i ! ! Cl 

1 i , ' 

4 ' \ ' l 

trrcnt i ' 

1 

1 | ( ! 

■ ■ ' ' i : ■ : 1 ' i■ v y , * ifTrTri^rTrTTTryrrTTvT 1 

, f 1 f j ' ' 

i 1 i 1 , 1 

* 1 ’ * 1 1 1 ‘ ' > S 1 >• ,< > \ f » t £ * t s * * j J (M( 1 i I » 1 t > M U > 

‘ * * • A * Jj h h i. k t * \ A \ ‘ h » k A A k * i k k 


472 Transactions Thomson—Resonant Circuits 


Figure 8, Low-frequency oscil¬ 
lation 
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radio circuit can be used to increase the sensitivity of the 
d-c controlled circuit. 

Figure 9 indicates the circuit diagram of the regenera¬ 
tive amplifier. The a-c output obtained across the con¬ 
denser is rectified by means of the copper-oxide rectifier 
to supply the d-c load, the circuit being controlled by the 
d-c saturation. The amplification is obtained by feeding 
the output current through a regeneration coil wound on 
the same leg as the d-c control coil, the effect being to 
increase the total control of the circuit. With such a 
scheme, if the number of turns on the regeneration coil 
is too large, the circuit becomes unstable and therefore 
some criteria for the stability as well as the amplification 
must be developed. This is done by first assuming a 
straight-line relation between the input and the output 
current and developing the mathematics by a step-by-step 
process. 

Starting with an input of i 0 , the initial output current 
will be hia, where h is the slope of the output current for 
zero regeneration. This output flowing through the re¬ 
generation coil produces an additional control of (nh/N)i 0j 
which must be added to the initial control to give the 
effective control. Continuing with this process, the re¬ 
sulting equation is a geometric series, 

Ioumt - * { 1 + (~ ) + ( f) + (f) +•••[ (15) 

the sum of which is given by the following equation: 

( 16 ) 

where 

n =* number of turns on the regeneration coil 

N « number of turns on the control coil 

h = slope of the initial curve with no regeneration 

to = control current 

Ioutput = output current with regeneration 

From this equation it is evident that the circuit is stable 
as long as (nh/N) remains less than one, and therefore 
this becomes the criterion for stability. The amplifica¬ 





I ISTSTAG^ j 2ND STAGE j OUTPUT 

Figure 10. Control circuit of radiation meter 


tion factor is given by the bracketed term. For the case 
where the initial response curve deviates greatly from 
the linear relation, better results can be obtained by 
using the following equation, 

where 

I* — actual current for no regeneration, at the point in consideration 
h' =» actual slope of the curve corresponding to the point in question 

To verify this equation, several predeterminations were 
made, one of which is shown in figure 9. In this diagram, 




Figure 11. Out¬ 
put curve of the 
radiation meter 



INPUT I or 7 WATTS 


the lower curve is the output plotted in terms of the input 
for no regeneration, while the upper solid curve repre¬ 
sents the output of the same circuit with regeneration. 
"The dotted curve is the predetermined output calculated 
from equation 17, and it is seen that the agreement be¬ 
tween the theoretical and the experimental curves is very 
close. 

A Specific Application 
to the Radiation-Meter Control Circuit 

The circuits discussed in this paper have been success¬ 
fully applied to a specific engineering problem in con¬ 
nection with the radiation meter. The function of this 
meter is to measure the net radiation taking place at 
the earth’s surface, such data haying important appli^ 
cations in the study of plants. 

These measurements must be taken continuously for a 
long period extending into years. It is necessary to main- 
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tain control without the use of contactors, relays, or other 
intermittent devices and also without the use of units, 
such as vacuum tubes, which would require frequent re¬ 
placements. 

Briefly, the radiation meter consists of two exposure 
plates, one black and the other bright, which are kept at 


quite striking as shown by the curve giving the over-all 
characteristics of the control circuit. (See figure 11.) 
It is seen here that an input of 450 X 10~ 7 watts is suf¬ 
ficient to control an output of approximately 450 watts, 
thereby resulting in a power amplification of approxi¬ 
mately 10,000,000. Such a circuit is quite inexpensive 
to build, and once the control is adjusted, the circuit will 



Figure 12 


the same constant temperature. Since the convection 
and conduction losses under this condition are equal, 
the ^differential heat input necessary to maintain this 
constant temperature is a measure of the net radiation. 


require practically no replacement of parts or upkeep for 
service. The simplicity of this control circuit is shown by 
the photograph of figure 12. 

In conclusion it may be stated that the greatest utility 
of such circuits will undoubtedly be in control circuits 
where large amounts of power must be continuously con¬ 
trolled by means of a relatively small input. As more 
and more becomes known of such circuits, the resonant 
type of nonlinear circuit will find a definite place in the 
various engineering fields. 


References 


1. Nonlinear Circuits Applied to Relays, C. G. Suits. Electrical 
Engineering. April 1933, pages 244-6. 

5“ A 4? B L NATOR V J? ltage r = g ulator Utilizing a Nonlinear Circuit, 
-Harry w. Mayne. Electrical Engineering, April 1937, pages 462-6. 

2. Ubbr Schwingungskrbisb mit Eisenkernspulbn, H. Sch unh and J. 
Zenneck. Jahrbuch der dractlosen Tel. und Tel., 1922, band 19, pages 170-94. 
Ubbbr die selbstrrregten in Krbisbn mit Eisbnkbrnspulrn, H. Winter- 
Gunther. Jahrb. d. dr. Tel. u. Tel., 1929, band 34, pages 41-9. 

Contribution a l'btudb bxpbrimbntalb db la pbrroresonancb, E dm ond 
Koulle. Revue Generate de VElectricity 24 November, 1934, pages 715-38- 

1934, pages 763-80; 8 December, 1934, pages 795-819; 15 Decern- 
ber, 1934, pages 841-58. 


3. Studies in Nonlinear Circuits, C. G. 
June 1931, pages 724-36. 


Suits. AIEE Transactions, 


%, I i I 7 RECT Current Controlled Reactors, C. V. Aggers and W. E. Pakala. 
The Electric Journal, February 1937, pages 65-7. 


This differential power is recorded continuously by agraphic 
differential wattmeter. 


Figure 10 shows the control for one of the exposure 
plates and represents half of the radiation meter. In 
this-i? ft represents the heating loads for one of the con¬ 
stant-temperature surfaces, connected in series with a 
saturable-core reactor. The power for the control input 
is obtained from a temperature-bridge thermometer im¬ 
bedded in the same constant-temperature surface. For a 
two-degree deviation from the set temperature, the tem¬ 
perature bridge sends a signal into the control circuit 
sufficient to produce maximum heating at the heater coil. 

The first stage of this control circuit is connected in a 
bridge to overcome any effect of line voltage fluctuation, 
and each arm of the bridge is biased to the most sensitive 
level by means of the bias coils. The output of this 
bridge is then rectified by means of the copper-oxide 
rectifier and fed through the regeneration coils and the con¬ 
trol coil of the second stage. The connection of the 
regeneration coils in the bridge is such that it aids the bias 
®ud the control signal in the first leg and opposes the 
bias in the second leg, thereby producing a ma ximum of 
unbalance. In the same manner, the output of the 
second stage is rectified and fed through the regeneration 
coil and the control coil of the final stage. Here the 
bridge circuit is not necessary since the control signal is 
sufficiently large and the effect of the line voltage fluctua¬ 
tion relatively small. 

The amplification obtainable from such a circuit is 
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Discussion 

P. H. Odessey (Heyer Products Company, Belleville, N. J.): In 
Mr. Thomson, s paper, the derivation of critical quantities associated 
witii ferroresonance embodies a number 6f concepts that are not 
quite clear. In particular, the following points are noted with re¬ 
spect to approximations and assumptions made in deriving the ex¬ 
pressions for current and critical resistance as defined in this paper; 
the numbers of equations are those used in the paper. 

1. The current (7) corresponding to the “critical stable” volt¬ 
age is derived from the relation 



whereby the resistance is neglected. The assumption that this cur¬ 
rent is practically independent of resistance is an approximation that 
is valid for a particular type of reactor, that is, if the a-c volt-am¬ 
pere characteristic is relatively steep and bends sharply at high 
saturation. For the type of characteristic whose slope changes 
slowly with saturation considerable error is introduced by neglecting 
resistance. The experimental results of Rouelle (R.G.E. 1934) give 
evidence of this effect. The resulting equation for current (7) con¬ 
tains a radical and hence should reveal two distinct values of current. 
No explanation is given for discarding one of these values nor of the 
significance of the negative sign before the radical. 

2. When current is defined by (7), the corresponding value of 
critical stable voltage evaluated by means of (5) must be determined 
by using the value of critical resistance Ro defined by (10). As there 
is no interrelation between I m and .Ro the justification for this step 
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is not quite clear. Thus, employing the criteria of stability, 



two “approximate” equations are given for the currents correspond¬ 
ing to the release voltages and contain a resistance term Rq. Since 
equation (6) was stated to be mathematically unsolvable when re¬ 
sistance was included, it is not quite clear how (8) and (9) were de¬ 
rived. As the forms of these equations indicate, their derivation 
does not follow as an approximation made after solving (6) by neg¬ 
lecting resistance. 

3. Since these two equations are identical for the condition of 
critical stable voltage, the analytic expression for critical resistance 
(10) is obtained by equating (8) and (9). But since (7) already 
expresses the value of current corresponding to the critical stable 
voltage, then (8) and (9) could each be made identical with (7) and 
two other equations for critical resistance could be obtained. This 
discrepancy is not explained. 

4. If, as in the presentation, the critical resistance is properly ex¬ 
pressed, then by substituting this value (10) in the current equations 
(8) or (9) we should obtain equivalence with I m defined by (7). 
There is, however, no assurance that this may be attained even 
approximately. It appears, therefore, that the critical resistance 
and I m are entirely unrelated, yet must be employed together in the 
evaluation of critical stable voltage by means of (5). 

5. In view of the assumptions and approximations, the results 
indicate an unusually high degree of accuracy although not consist¬ 
ent. For example, corresponding to a 40 per cent error in Rq 
(X c — 43, table I) the error in critical stable voltage is 0.3 per cent 
whereas for a 0.88 per cent error in 2?o, the error in voltage is 1.21 
per cent (X c — 188). Thus, it appears that any error in Rq does not 
materially affect the value of voltage. Although not given, it would 
have been interesting to observe the check on I mf h and J 2 , and so 
justify some of the approximations. 


W, T. Thomson: In reply to Mr. Odessey’s discussion, I will en¬ 
deavor to justify the assumptions made and indicate why it is pos¬ 
sible to arrive at accurate results for the critical voltage using the 
more inaccurate values of critical current and resistance. Dimen¬ 
sions of one of the reactors for which the results were published are 
given together with the sample calculations (see figure 2). 

Although my investigation was limited to a certain type of re¬ 
actor (three-legged reactor) using a certain grade of iron, this type 


It is agreed that for small values of current this error is not great. 
Let us investigate then the discrepancy for a large value of current. 
Assume in figure 3 that h = 0.81 when I = 1.2 amperes. R L from 
the curve is 15 ohms and its value based on h is 15/0.8 2 = 23.5 ohms. 
The per cent error is therefore considerable but the difference in ohms 
is only 8.5. In the calculation of the voltage this small error in a 


Figure 2. Dimen¬ 
sions of reactor 1 
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term which is small compared to the reactive term produces prac¬ 
tically no error when combined at right angles. 

It may be stated that in order to obtain values for the more cor¬ 
rect definition based on the fundamental current h, special equip¬ 
ment such as the harmonic analyzer is necessary, and for the average 
person to whom such equipment is not available, an approximation 
of this type is not out of order as long as it produces negligible errors 
in the final results. The writer would like to point out that Mr. 
Odessey in his paper (“Critical Conditions in Ferroresonance”) 
makes an approximation which is far more serious in assuming the 
first term of equation 4 to be an ellipse. This term of the equation is 
an ellipse only when the total resistance is constant. The apparent 
resistance which must be considered as part of the total resistance 
varies greatly with the current as shown in figure 3. 

Equations 8 and 9 are empirical. When Rq =» 0, they are the 
roots of equation 6 with the resistance omitted. The expression for 
Rq given by equation 10 is therefore empirical and is unrelated to 
I m as stated in the paper. To show that equation 10 is not a special 
equation limited only to a certain reactor, the following results ob¬ 
tained for three other three-legged reactors made with the same iron 
are given. 



Figure 1. Reduction in voltage across condenser due to harmonics 



of reactor is extensively used for various control purposes and quite 
frequently with iron of similar characteristics. It seems therefore 
that Mr. Odessey’s criticism that the method is applicable only to a 
very special and limited condition is not justifiable. 

The apparent resistance of the reactor defined by the expression 
Rl W/I* is of course an approximation for circuits containing iron. 
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Reactor 3 Reactor 2 Reactor 4 


Ro Ro Ro Ro Ro Ro 

X c (Calc.) (Exp.) Xc (Calc.) (Exp.) X c (Calc.) (Exp.) 


93. 57_ 63.._25_8_10. 93- 47- 56 

187.120_120 . 43... .24 _ 26.187.... 108-107 

272 ...162....164. 93_49_ 50.272-146-139 

355.194.... 182.187.. ..75..’. .68.339.... 172.... 158 

...272....87....75 


As stated before, a few ohms error one way or another when com¬ 
bined at quadrature with a much larger reactive term produces 
negligible error in the calculation of the voltage. 

Equation 7 will always give a value of current in the unstable re¬ 
gion. It is apparent from figure 1 that with a critical stable con¬ 
dition the current may have a wide range of values and still give the 
same critical voltage. Therefore even if this current varied with re¬ 
sistance for other types of iron, very little error would be produced in 
the critical voltage provided the current obtained is within the un¬ 
stable region. 

I fail to see any physical significance of the negative sign in front 
of the radical in equation 7. The equations as given in my paper 
apply only in as far as they fit the experimental curves for X L 
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and for this case the negative value of the effective current seems 
meaningless. 


Appendix 


I. Sample Calculation 
For Reactor 1: 



Therefore B « 360 


therefore 

X L - 620 
R l « 100 


From figure 1 



218 volts 


fi - 0.116 
K 2 « 26 

For X c os 272 ohms: 


360 1 

sToili ^ I (272 - ^ + 

.17 360 V . / 3 X 360 \_ 

V \8 X 0.115/ + \8 X 0.115/ ^ 272 26 ^ “ 151 ohlns 

I m - -2 X 0.115 +■ 4 /( 0 . 115 )* + 3 X 0,115 - 0.49 ampere 

W 070 _ Ofi 


II. Data for Regeneration Curve, Figure 9 
Reactor 4: 

Control and regeneration coils on center leg 

n = 200 
N - 2,000 

therefore 





Discussions 

of AIEE Technical Papers Published 
Before Discussions Were Available 

O N THIS and the following 15 pages appear discus¬ 
sions submitted for publication, and approved by the 
technical committees, on previously published papers 
presented at the AIEE winter convention, New York, 
N. Y., January 24-28, 1938. Authors’ closures, where 
they have been submitted, will be found at the end of the 
discussion on their respective papers. 

Matrices 

in Engineering 

Discussion and author's closure of a paper by Louis A. Pipes published 
on pages 1177-90 of volume 56, 1937, AIEE TRANSACTIONS 
(September 1937 issue of ELECTRICAL ENGINEERING) and pre¬ 
sented for oral discussion at the basic sciences session of the winter 
convention. New York, N. Y., January 26, 1938. 


Joseph Slepian (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Linear systems of equations such as are 
continually met in practical engineering problems, present their 
primary data to us in the form of a rectangular array of numbers, the 
coefficients of the various terms in the set of equations. All the 
information which it is possible to obtain mathematically about the 
physical system represented by the equations is buried or latent in 
this array of numbers. Whatever new information we succeed in 
arriving at about the system by purely mathematical means will be 
reached ultimately only by successions of arithmetical operations 
upon the numbers of the array. Hence, we may say that this rec¬ 
tangular array of numbers is the appropriate manner of mathematical 
description or representation of the physical system for which the 
linear system of equations was set down. Given the sufficient de¬ 
scription of the kind of equations for which the numbers serve as co¬ 
efficients, the array gives all the information about the system with 
no irrelevancy. Both the position in the array of a number and its 
magnitude are significant in determining the result of any actual 
calculation. 

Thus the matrix as an entity presents itself naturally and easily 
from the study of systems of linear equations. The various manipu¬ 
lations we make upon linear equations amount always to the calcu¬ 
lation of new (usually simpler) matrices from given matrices. Thus 
the idea of a matrix calculus arises. 

Two particular ways of calculating a new matrix froin two other 
matrices keep recurring in practical problems. Because of their 
similarity to the arithmetic operations of addition and multiplica¬ 
tion of ordinary numbers, they are called matrix addition and matrix 
multiplication. Thus we have a matrix algebra which is similar, 
except for one important property, to ordinary algebra. The beauty 
and utility of this matrix algebra applied to important every day 
problems in electrical engineering are well brought out in the very 
excellent paper by Professor Reed. 

A finite number of applications of the operations of addition and 
multiplication of matrices will, of course, yield only polynomials, 
but Pipes in his remarkable paper shows the practical value of con¬ 
sidering an infinite number of applications of these operations, as in 
a power series, thus arriving at the notion of more general functions 
of matrices. Then the beautiful, powerful, but little-known Cay- 
ley-Hamilton Theorem shows that these general functions of a matrix 
are not nearly as complicated as one might first expect, but reduce 
to simple sums of these functions of the latent roots of the matrix 
with easily expressed matrix coefficients. 

I believe that this is the first time that die Cayley-Hamiltbn The¬ 
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orem has appeared in Electrical Engineering. Pipes is to be 
highly commended for calling this powerful tool to the attention of 
electrical engineers, particularly as he gets down to brass tacks in 
his remarkable paper, and for several well chosen examples, shows 
how by proper use of this theorem, numerical results are quickly and 
easily reached. I hope this paper will receive the wide and careful 
attention it deserves, and that it will stimulate the further proper 
application of higher mathematics to electrical engineering problems. 

Louis A. Pipes: Doctor Slepian summarizes the utility and power 
of matrix algebra in the usual engineering problem leading to a dis¬ 
cussion of linear dynamical system in a most concise and comprehen¬ 
sive manner. 

There appears to be some confusion among some engineers con¬ 
cerning the relation of matrix algebra to tensor algebra. It should 
be realized that a matrix may be regarded as a tensor of the second 
rank with respect to a linear transformation. Since practically all 
the equations met in practical engineering problems are linear, linear 
transformations are encountered and consequently the summation 
convention, upper and lower indices, and other tensor machinery 
may be dispensed with and the classical matrix notation employed. 

Matrix theory has received a great deal of attention by the mathe¬ 
maticians and many powerful theorems exist in the mathematical 
literature which have great practical importance. By the use of 
these theorems, the solution of polynomial equations, the calculation 
of normal modes, and other processes of great importance in engi¬ 
neering and physics may be most easily accomplished. 

In conclusion, it should be pointed out that on page 1178 of the 
paper “Matrices in Engineering” the last word in section D should 
be “commutative” and not “symmetric.” 


The Properties of Three-Phase Systems 
Deduced With the Aid of Matrices 

Discussion and author's closure of a paper by M. B. Reed published on 
pages 74-7 of this volume (February section), and presented for oral 
discussion at the basic sciences session of the winter convention. New 
York, N. Y., January 26, 1938. 

Joseph Slepian: For discussion, see this page. 


Irven Travis (University of Pennsylvania, Philadelphia): I agree 
most heartily with Mr. Reed that the matrix formulation of electric 
circuit problems clears away the algebraic debris and thus more 
clearly reveals the main line of reasoning. Mr. Reed has given a 
number of very interesting examples. 

There is one point which I should like to amplify. Below equa¬ 
tion 39 is the statement, “This equation cannot be used to determine 
E p0 in terms of 1 VQ because of the singularity of the transformation. 
Further investigation will show that no relation can be found for 
Epg in terms of I pg , and the. circuit impedances or admittances; 
i.e., given a set of wye-connected impedances and the line currents, 
the phase generator voltages of the source cannot be computed.” 
Although it is true that there are infinitely many voltages which will 
satisfy the system, valuable information can be obtained by trans¬ 
forming equation 39 to symmetrical co-ordinates. 

Let the matrix S be defined as 



where 

. 2 * 
a -t s 


Multiplying both sides of equation 39 by 5 and inserting S-S~ x = 
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U\ in. the product on the right hand side, we have 

C si v0 ) = (ST v YTy t S^KSE P0 ) 


( 2 ) 


(4) 


By expanding (SI pg ) and (SE Pff ) it is easy to see that 

SIpQ m (I AlQ> I An, I ah) (3) 

SE vg — (£ioo, Eioi, JS 102 ) (4) 

in which the added subscript (0, 1, 2) denotes a zero-, positive- or 
negative-sequence quantity. 

Let Y, which is the inverse of 32, be denoted by 


= / yn yn\ 

UW 


then the product on the right hand side of equation 2 is 
ST y YTy ( S-i - 


/ 0 

0 

0 \ 

( 0 

yn - yu 4- ^22 

■“(^n + 2a 2 yi2 4- ^22 1 

\ 0 

-(a*yn 4* 2ay 12 + ^ 22 ) 

yn — yi2 4-^22 / 


Equation 2 is therefore of the form 

I'm ~ Y'E'po 

where 

I'pff “ (Jaiu ^Aii) 

E'm “* (-E101, Eioa) 

Y* = ( ^ ll yn 

\ — (a 2 y u ■+- 2ay n -}- ^ 22 ) 1 


—(ayu 4* 2a 2 yn + > 2 ) 
(yn — ^12 + ^ 22 ) 


The matrix Y' is not singular, hence it is possible to express the 
positive- and negative-sequence components of the generator phase 
voltages in terms of the phase currents and the circuit impedances. 
Thus the phase voltages are arbitrary because their zero-sequence 
components are arbitrary, but they cannot be assigned any values at 
random as might be inferred from the statement below equation 
39. 


M. B. Reed: As Mr. Travis points out, the generator phase voltages 
of a wye system are arbitrary only through the arbitrariness of the 
zero-sequence component of these voltages. This voltage compo¬ 
nent may have any one of a doubly-infinite set of values—any one 
of an infinite set of lengths, for a particular position or any one of an 
infinite set of positions for a particular length—and still the phase 
voltages will give the same set of line voltages. This result can be 
readily shown without recourse to symmetrical components as fol¬ 
lows: 

If the point at the center of gravity eg of the line-voltage triangle 
is designed by o' 

Ei, - =* UnCEio', .E20', -Eao')* ( 1 ) 

Since is singular, this transformation is irreversible. However, 
if the relation 

-E 10 ' 4~ -Eio' + Eso' = 0 

is used to eliminate; £*,' from the first two of the equations repre¬ 
sented by (1), and if the third equation is omitted, the result is 

E “(i ; l) (£l °'’ *"'1 “(j 2 )^' (2) 

and since the transformation matrix is nonsingular 



i.e., the voltages to the eg of the line-voltage triangle determine the 
line voltages. But from the fact that 


evidently the currents are completely determined from the voltages 
to the eg of the line-voltage triangle. Further since 

%p, - E'„ + £<,'<.( 1 . 1 . 1 ) (s) 

it is evident that E 0 f 0 , the voltage between the common point 0 
of the generator and the eg of the line-voltage triangle, is the arbi¬ 
trary element in the phase voltages of the generator, and further that 
E 0 ' 0 has no effect on the currents in the system no matter what its 
value. 

Corona Voltages of Typical 

Transformer Insulations Under Oil 

Discussion and author's closure of a paper by F. J. Vogel published on 
pages 34-6 of this volume (January section), and presented for oral 
discussion at the electrical machinery session of the winter convention, 
New York, N. Y., January 27, 1938. 

I. W. Gross: For discussion, see page 194 of this volume (April 
section). 


V. M. Montsinger (General Electric Company, Pittsfield, Mass,): 
Mr. Vogel's paper is of considerable interest to me as it deals with 
a subject along my line of work. 

I wish to discuss it from several viewpoints. 

Mr. Vogel’s experience with the harmful effects of air in his bar¬ 
rier parallels closely my own experience. As stated in my paper 
I found that any air at all in the structure gave misleading results 
and I found it necessary to assemble the sample under oil, not al¬ 
lowing the small coil used as the line electrode to come in contact 
with air after vacuum treatment and oil impregnation. 

I subscribe 100 per cent to his second conclusion in that it is very 
important to remove all entrapped air in transformers before making 
commercial tests at the factory. Also if high-voltage transformers 
are not shipped filled with oil or are untanked for inspection, special 
means should be taken to remove the air. If a vacuum cannot be 
applied, one of the best means of getting the air out is to make a 
short-circuit heat run. Laboratory tests have shown that if oil is 
circulated by an air pocket it takes only a few hours to absorb the 
air. Tipping the transformer often is helpful in removing air pock¬ 
ets that are not adjacent to the oil in circulation. 

I note that Mr. Vogel obtained an impulse ratio in the order of 2 
to 2.3. My own tests do not bear this out. I have found that the 
ratio varies over a much wider range, depending on the construction 
of the sample. Based on the tests given in my paper and on the 
injurious corona voltage, I found a ratio of 1.75 for barrier C and 
2.48 for barrier D, Barrier C had a spacing of 0.641 inch from the 
coil to ground and D a spacing of 2.5 inches from the coil to ground. 
I cannot agree, therefore, that there is a constant impulse ratio for 
all voltage ratings of transformers. 

Mr. Vogel’s statement that the dielectric strength varies ap¬ 
proximately as the barrier thickness raised to the two-thirds power 
checks my experience. I have used this two-thirds-power rule for 
several years. I have found that the dielectric strength of oil when 
tested with edged electrodes or with round rods varies with the spac¬ 
ing raised to the two-thirds power. However, if tested in a uniform 
dielectric field it varies more nearly in proportion to the spacing. 
I believe that cable engineers have found that the strength of the 
paper covering varies approximately as the thi cknes s. While cable 
insulation is stressed highest next to the bare part of the cable on 
account of its reduced periphery, the conditions are such that it cor¬ 
responds fairly well with a uniform field. That is, there are no sharp 
corners or edges to. cause voltage concentrations. 

I believe it can be said, therefore, that the two-thirds-power law is 
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not inherent in the characteristics of the material—solid or oil— 
but by the shape of the electrodes. 

Conditions in transformers are such that most all insulations 
are in nonuniform fields and on this account we must generally in¬ 
crease the insulations faster than the test kilovolts. Roughly speak¬ 
ing, by the two-thirds rule, if the test is doubled, the distance or in¬ 
sulation must be trebled. This explains why the cost and size of 
transformers increases so fast with voltage. 

L. H. Hill (Allis-Chalmers Manufacturing Company, Milwaukee, 
Wis.): It is interesting to note from Mr. Vogel’s paper that as a re¬ 
sult of his impulse tests he has reached the conclusion that trans¬ 
formers should be filled with oil under a vacuum. 

The company with which I am associated has been filling high- 
voltage transformers with oil under a vacuum for about five years, 
and repeated tests have indicated the desirability of going to that ex¬ 
tra trouble. In connection with filling transformers under vacuum, 
we have found that the method of filling the transformer tanks with 
oil has considerable bearing on the amount of time required to do 
this. If the transformer tank is filled from the bottom, we have 
found that it may take as long as four days for the surplus air to come 
out of the oil; however, if the transformer tank is filled by running 
the oil in at the top so that the oil goes into the transformer as a 
foam, by the time the transformer tank has been filled, the oil is per¬ 
fectly quiet, indicating that all the air has been removed. 

From a practical point of view, the increased cost of building trans¬ 
former tanks so that oil could be installed in the field with the tanks 
under a vacuum would not be very great. 

Eric A. Walker (Tufts College, Mass.): Mr. Vogel, in his paper, 
has undoubtedly opened a field which may well help us to discover 
more of the factors which lead to the breakdown of fibrous insulation 
under oil. 

In this paper Mr. Vogel mentions the detection of corona by 
audible frequencies only, that is, directly by ear or by the use of a 
microphone. 

There are at least three methods by which corona may be detected. 
An audible method as described by Mr. Vogel makes use of the 
energy in a limited frequency range. A radio-frequency detector 
and amplifier, used in the radio- and intermediate-frequency ranges, 
has met with some success. One can also find the corona voltage by 
power-factor measurements and ascertaining the point at which 
there is an abrupt rise in power factor. In a recent investigation, 
in which the three methods were compared, the power-factor method 
showed a lower critical voltage than the other two methods. In 
another investigation, on a system of concentric electrodes separated 
by several layers of fibrous insulation, it was possible to detect when 
each layer of occluded air became ionized by a sudden increase in 
power factor. Of course such a method would not give a definite 
point on a large transformer unless the corona became quite general. 

The second consideration in this paper is its effect on operating 
practices. It is recognized that the first few days during which a 
transformer is energized are critical ones. This is probably more 
true of transformers which have served some time as spare trans¬ 
formers than of new ones. Failures during this critical period have 
usually been attributed to the absorption of moisture by the fibrous 
insulation. Although evidence indicates that the insulation does 
absorb moisture by breathing there is no proof that moisture alone 
is the only cause or even the principal cause of deterioration. Now 
Mr. Vogel points out that occluded gases may lower the corona 
voltage. This will cause "tracking” which would not take place if 
the gas were not present as is usually true in normal operation. This 
type of deterioration may well be more serious than the absorption 
of moisture for the damage caused by such carbonization is per¬ 
manent and cannot be remedied as the absorption of moisture can be 
by a mere drying process. 

Ultimately it will be desirable to detect the formation of corona in 
transformers in service, both during normal operation and during 
overvoltage tests. It is extremely doubtful if aural methods would 
be sufficient for such tests. Radio-frequency tests are difficult to 


use because of the normal corona in substations. A power factor 
test would have a wide application as a field test where the moisture 
content of the insulation is important as well as the voltage at which 
corona is initiated. Such a test also has the advantage of being a 
nondestructive test if applied at, or below, the operating voltage. 

J. O. Fenwick (Line Material Company, South Milwaukee, Wis.): 
Mr. Vogel’s paper on "Corona and Oil-Impregnated Insulation” 
describes one of several lines of investigations now being pursued in 
the improvement of transformer insulation, particularly against 
lightning surges. Elaborate studies, such as outlined in this paper, 
are ordinarily considered as being confined to large power trans¬ 
formers, but similar investigations are now being adopted in the 
development of distribution transformers as well. Such studies are 
of particular value in the design of rtiral-type transformers where 
exposure to lightning is severe and protection is not of the best. 
Other parallel lines of investigation on insulation are studies of power 
factor of the insulation, radio interference, as well as the more fa¬ 
miliar puncture tests on 60-cycle and impulse voltages. 

The corona test described by Mr. Vogel as well as the radio-noise 
and power-factor studies give valuable information not shown by 
the more conventional puncture tests. For one thing, this speci¬ 
men under test need not be totally destroyed as is frequently the 
case with puncture tests and yet the voltage can be raised to the 
point at which the insulation begins to show signs of distress as 
manifested by the corona markings mentioned by Mr. Vogel, or by 
radio noise where this is used as an indication of corona. Very often 
a better picture of the electrostatic field is obtained and corrected 
measures can be applied more intelligently than is the case where 
the test specimen is totally destroyed. 

Another result is that since corona is one of the first immediate 
indications of over-stressed insulation, the corona voltage is some¬ 
what analogous to the "yield point” of a metal specimen with 
mechanical loading and the value of this information to the designer 
is obvious. 

The point not emphasized by Mr. Vogel is the uncertainty of re¬ 
sults and limited conclusions that can be drawn unless a great 
amount of test data is accumulated. The voltage resulting in co¬ 
rona and ultimate puncture of the specimen depends so much upon 
the shape of the electrodes, presence of sharp comers, and other 
such incidental factors that a seemingly comprehensive test often 
gives results which are rendered nearly valueless when some 
apparently minor change is made in the method of. test. For this 
reason, tests made with electrodes and specimens which appear to 
simulate conditions in the actual transformer often give misleading 
results as far as numerical design data is concerned, and a large 
amount of testing must be done in order to obtain even a moderate 
amount of reliable and usable information. 

The se emin g inconsistency of the results of insulation studies 
is illustrated by a comparison of the results reported by Mr. Vogel 
and others obtained by our own company. Mr. Vogel reports a 
ratio of roughly two to one between impulse puncture and 60-cycle 
corona voltage. Our own tests on samples of insulation and also 
assembled transformers indicate that this ratio, instead of being two 
to one as reported by Mr. Vogel, for well-impregnated specimens, 
may vary as much as ten to one, for certain peculiar conditions of 
test. Our results do emphasize, however, the importance of thorough 
impregnation and the necessity for eliminating air from the test 
specimen if consistent results are to be obtained. The results are 
of considerable value in giving the designer a "feel” of the distribu¬ 
tion of thd electrostatic field, but as indicated in the foregoing, the 
numerical results must be used with considerable caution. 


F. J. Vogel: I was greatly interested in Mr. Montsinger’s discus¬ 
sion, inasmuch as he found that the air entrapped in insulation struc¬ 
tures caused them to give erratic results, and in his agreement with 
me that it was important to remove all entrapped air in transform¬ 
ers before making commercial tests at the factory. It is my opin¬ 
ion, based on our tests, that higher values can be obtained by vac¬ 
uum filling than by removing air in any other way. Our own ex- 
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perience has been that transformers in service as long as a year and 
a half may still have entrapped air which can result in a failure. 
Therefore, vacuum filling would seem to be essential even in the 
field if maximum dielectric strength and certainty were to be ob¬ 
tained. 

I agree with Mr. Montsinger that it is possible to obtain impulse 
ratios over quite a range. However, I have tried to be careful to 
limit the application of the 2.2 ratio to a specific type of construction^ 
My paper covered only barriers with interleaved insula tion. De¬ 
pending upon the interpretation of Mr. Montsinger’s data for bar¬ 
rier D, somewhat lower values than 2.48 might be given. I have 
tried to be conservative in this to .furnish values which could be 
expected rather than the maximum values. Barrier C is not of the 
same construction and, as stated in my discussion of his paper, I do 
not believe that his construction is typical of any insulation struc¬ 
ture actually used in a transformer. 

With relation to the dielectric strength of oil in Uniform fields, or 
in fields due to edged electrodes or round rods, it is interesting to note 
Mr. Montsinger’s findings, and I believe this is a subject which is 
worthy of a future paper. 

The future of power-factor tests on transformers is uncertain in 
the writer’s opinion. Data which we have to date indicate that 
corona even in service is unlikely. To detect corona by power-factor 
measurements with present-day equipment seems impossible. 

The question of using voltage measurements and times only, in¬ 
stead of gap lengths for specifications and test purposes, seems to be 
evading the issue. One organization of consulting engineers speci¬ 
fies gaps to be installed at the terminals of their transformers. 
They specify that a voltage wave of given steepness be impressed 
upon the transformer to prove the transformer will withstand this 
condition. The purpose of this test undoubtedly is to prove that 
the transformer with the gap installed in service will be protected 
against failure of the transformer windings. If voltage data from 
one source is used to specify the voltage to be applied, and the tests 
on the unit are not made in the laboratory where these readings agree, 
it might be possible to obtain a transformer which would not with¬ 
stand the operating conditions desired by the purchaser. It seems 
to the writer that it is better to use a direct method of test rather 
than to use an intermediate step where there is a possibility of 
error. 

I believe that the previous discussions show clearly that it is pos¬ 
sible to increase the impulse strength of commercially oil-insulated 
transformers by admitting the oil to the tank while the winding is 
still under vacuum. It should be possible to do this in the field and, 
with special equipment filtering the oil, should be possible without 
even a temporary reduction in impulse strength from transferring 
the oil. The per cent increase in strength, due to vacuum-filling, 
as compared to nonvacuum filling, is variable. 

A Formula for the Reactance of the 
Interleaved Component of Transformers 

Discussion and authors - closures of a paper by H. B. Dwight and L. S. 
Dzung published on pages 1368-71 of volume 56> 1937, AlEE 
TRANSACTIONS (November 1937 issue of ELECTRICAL ENGI¬ 
NEERING) and presented for oral discussion at the electrical machinery 
session of the winter convention* New York, N. Y., January 27,1938. 

A. N. Garin (General Electric Company, Pittsfield, Mass.): A 
theoretically rigorous solution of the problem of transformer react¬ 
ance presents many difficulties due to the complexity of the physical 
structure of transformers. The factors chiefly responsible for these 
difficulties are: the curvature of windings, the presence of core iron, 
and the nonuniformity in the turn distribution in the cross section 
of Windings. A practical engineering solution consists, therefore, 
first, of idealizing the structure until it is amenable to calculation by 
one of the theoretical methods available ; second, of selecting the 
theoretical method best suited for the purpose and of performing the 
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calculation; and third, of applying to the result of the theoretical 
calculation, whenever necessary, an empirical correction factor, 
which should not exceed a few per cent of the calculated value. 
Thus, calculation of reactance for a modem complicated transformer 
is not science, but an art, based on science. 

The present trend in transformer design naturally results in a 
race between the growing complexity of windings and the increasing 
skill of the reactance calculator. The reactance calculator usually 



wins the race, and when he does not, he can use a reduced scale 
model of the transformer to be built and obtain the reactance by test, 
as described in a recent AIEE paper, 1 a procedure which may save 
time, and incidentally a professional reputation. 

Mr. H. O. Stephens’ method of resolving the reactance of non- 
uniform concentric windings into the concentric and interleaved 
components is a definite milestone in the art of reactance calculation 
and Messrs. H. B. Dwight and L. S. Dzung are to be congratulated 
on the very clear presentation, in the first part of their paper, of the 
physical phenomena justifying this method. At the risk of being 
accused of pedantry, I should like to call their attention, however, 
to an obvious oversight in their statement that PX is stored energy 
and is equal to the summation of Being power, and not 

energy, PX cannot possibly be equal, but is proportional, to the 
summation of Ip/8*. 

Having resolved the reactance of the transformer into its concen¬ 
tric and interleaved components, the next step is to select suitable 
formulas for calculating the two components separately. For the 
concentric component Dwight and Dzung use the well-known ex¬ 
pression given by their equation I. It will be observed that this 
formula does not take into account the curvature of windings and 
the presence of core iron, moreover, it assumes the effective axial 
length of windings to be equal to their physical length. The last 
two factors introduce errors of opposite sighs, partly compensating 
one for the other, so that, as stated by the authors, the formula 
may be quite accurate, but only for a certain range of dimensions 

and proportions of the core and the windings. 

For the interleaved component Dwight and. Dzung use a formula 
based on the theory of geometric mean distances. The effects of 
curvature and of iron are again neglected. The reactance in ques¬ 
tion can be calculated with equal or greater ease, and with all the 
accuracy required for the purpose, by older and better known meth¬ 
ods, of which that due to Rogowski 2 is perhaps the most advanced. 
The principal value of the second part of this paper is, therefore, in 
my opinion, not in the solution of this particular interleaved re¬ 
actance but in the relative novelty of the method of attack. Al¬ 
though a rather complete study of the application of geometric 
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mean distances to calculation of transformer reactances was pub¬ 
lished several years ago in German, 3 American technical literature 
seems to have neglected the subject. 

Since the effect of curvature has been neglected in this paper in 
calculating both the concentric and the interleaved reactances, 
nothing would be sacrificed by performing the complete reactance 
calculation in terms of geometric mean distances. Figure 1 of this 
discussion represents the windings of the transformer investigated 
in the paper. Each winding is shown subdivided into five equal 
blocks. When operating on the 11,000-volt connection block 6 is idle. 

Primary-to-secondary reactance of a transformer is given, in terms 
of geometric mean distances, by the following formula: 


Xp-s - iOog 


Rp-pRs-s 


( 1 ) 


where 


If equation 6 were exact the result of this substitution would be 
equation 2. Actually, however, although a very close approxima¬ 
tion, equation 6 is not exact. The exact formula is: 

* 13579 - 24810 = X 18573 - 246810 + ~ ( 5 * 13579-246810 — 9 * 188 - 246 + 4 * 13 - 24 ) + 

£ Zwi + ^ (X,-< + 2X*-, - 2Xi-8 - 

Xj-to-X,-, -2X,-, + 2X 1 -t+X 1 -,) (7) 

Considering the difficulty of obtaining accurate reactance by tests 
on a model of the size described in the paper, the agreement between 
calculated and test values is satisfactory, even if inconclusive. It 
is regrettable, however, that the authors do not state whether in 
making their tests without an iron core they had the primary and 
secondary windings of equal turns and connected in series opposition, 
thus obtaining 


Xp-s = primary-to-secondary reactance 

K = coefficient depending on frequency, the length of mean 
turn, the base of the log, and the choice of units 
R = geometric mean distance between areas indicated by sub¬ 
scripts 

For the present case the primary consists of blocks 1, 3, 5, 7, 9, the 
secondary of blocks 2, 4, 8, 10, so that equation 1 becomes: 



*i - 2 = «(Xi+X*- 2 Jfi -0 ( 8 ) 

corresponding to the basis of their calculation. If in their tests 
they had the secondary short-circuited they were measuring: 




Although (8) and (9) are practically identical for an iron core 
transformer, they may be radically different for an air core trans¬ 
former. 


= K log 


p2.6 D 0-4 

•^13579-246810 13—24 


679 —881 0^X3579—13579 ^24-24^24-810 


Equation 2 contains only geometric mean distances between 
rectangles and from rectangles to themselves, all of which can be 
calculated by the method described in the paper. The point of par¬ 
ticular interest in this solution is that the final reactance has been 
obtained directly, without resolving it into concentric and inter¬ 
leaved components. 

If it is desired to retain the resolution of reactance into concentric 
and interleaved components, the concentric component can be readily 
calculated as follows. Let the primary, consisting of blocks 1, 3, 5, 
7, 9 r be called A and the secondary, consisting of blocks 2, 4, 6, 8, 
10, be called C, so that equation 2 becomes: 


-K-A- A &C-C 

Following the method described in the appendix to the paper and 
denoting the space between A and C by 23: 

r (a+b+c) 2 6? “I 

R at i j Roe 

ABC-ABC B-B \ 


X A -c = K log 


(a+b ) 8 (H-c ) 2 

R ae R ac R R 
AB-AB BC-BC A-A C~C, 


Finally, using natural logs and expressing geometric mean dis¬ 
tances in terms of semiperimeters, equation 4 can be replaced by 
the approximate expression: 


a A 2 


a c 

»: + l .+ ¥ 


For a wide range of proportions the approximate expression (5 
gives a value within two per cent of, the exact expression (4). 

An interesting side light on H. O. Stephens’ method may be ob 
tained by substituting algebraically the values of concentric ant 
interleaved reactances in terms of geometric mean distances, th 
former being given by equation 4, into the H. O. Stephens* formula 


*13579- 24810 =* *13679- 248810 + *24810-6 
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H. B. Dwight: In connection with the interesting discussion by 
A. N, Garin, a distinction may be made between expressions which 
are so long as to be of merely academic interest, and formulas which 
are concise enough to be of practical use. For instance, equation 2 
of the discussion contains four geometric mean distances of one rec¬ 
tangle from another, and if these are to be calculated by the method 
described in the paper, each would give rise to several self geometric 
mean distances, making 13 self geometric mean distances for the 
formula. But equation 2 of the paper gives the reactance with only 
four self geometric mean distances, and so is not unduly long. 

The observation is correct that PX is proportional to stored en¬ 
ergy, not equal to it. The coils in the model ironless transformer 
had a turn ratio of one to one and were connected in series. The 
secondary was not short-circuited. 

In the thesis work upon which the paper is based, the self- and 
mutual inductances were calculated, as a check, by formulas for 
cylindrical coils. This brought the curvature of the conductors into 
the calculation but not the effect of the iron core. It seems prob¬ 
able that such long calculations will not be practical for routine com¬ 
putations in designing. The need at the present time appears to be 
a comparison of the results of the shorter calculations with meas- 
surements on a number of practical transformers whose dimensions 
have been accurately found, so that the percentage error to be ex¬ 
pected from a given calculation may be known. 

X. S. Dzung: Rogowski’s method of attacking the problem of re¬ 
actance of interleaved transformer windings, as mentioned in Mr. 
A. N. Garin's interesting discussion, is very general in character ; 
but the restriction 1 on dimension ratios of his approximate formula 2 
limits its application more suitable to the calculation of the react¬ 
ance of an interleaved transformer rather than to that of the inter¬ 
leaved component of a transformer. The coil shape of the former is 
usually such that the axial height is small compared to the. radial 
depth* This condition is seldom realized in the case of the inter- 
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leaved component of a transformer. His more exact formula 8 is too 
lengthy to be applied in practical designing. 

It may be noted that the curves on figure 2 of the paper and the 
little formula printed beside offer a very simple means to a practical 
designer. Equation 2 of the paper and also equation 2 and equation 
4 of Garin's discussion have the disadvantage that they involve ob¬ 
taining a small number from the difference between large numbers. 
In preparing the curves logarithms have been taken to a sufficient 
number of significant figures so that the final results will give en¬ 
gineering accuracy. 

Equation 4 of Garin's discussion, which is equation 9 of G. Petrow's 
paper in Elektrolechnik und Maschinenbau, 1934, has been used in the 
thesis to compare the reactance of the concentric component as 
calculated by the geometric-mean-distance method against that by 
the formulae for cylindrical coils and by the usual formula, equation 
1 of this paper. The results of these three calculations are respec¬ 
tively 5.30 per cent, 5.31 percent, and 6.21 per cent for the trans¬ 
former given in example II of the paper. 

The effect of the iron core can be taken care of by the method of 
image as indicated also in Petrow's paper. A comparison between 
equation 21' and equation 23 of Rogowski's paper shows that this 
effect would not be very great. 
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The catalytic effect of metals on oxidation as well as deterioration 
of the oil in the absence of oxygen has been referred to at several 
points in the paper. However, data has been given only for brass. 
It seems that similar data for the metals, which the cable saturant 
must contact, would be of greater interest and value. We would 
appreciate such data as the authors might be able to supply for such 
metals as copper, lead, tin, and iron. 

The conclusions drawn by the authors upon the effects of oxidation 
cannot be applied to cable practice without further investigations. 
All the work has been done for relatively short time intervals: 192 
hours is, after all, but a brief period in the expected life of a power 
cable. Almost none of the curves has approached a constant value 
of power factor in this length of time. It seems safe to assume that 
these curves will continue to rise for a much longer period of time, 
eventually, perhaps, to a value so high that successful cable operation 
might be impaired. It also seems possible that there may be some 
further later reaction of the oxidized products with themselves or 
with fresh oil, which may cause a more rapid increase of power fac¬ 
tor. Certainly, definite conclusions should not be reached until 
the results of the authors have been substantiated by long time tests. 

Moreover, these tests have been made under constant conditions 
of temperature and pressure, tending to discourage any movement 
of the oil through the samples. If the samples were subjected to 
load cycles si mi la r to those of an operating cable, so that there would 
be an oil migration, permitting the oxidized products to encounter 
fresh oil, an entirely different set of results might be obtained. 

We hope that Professor Whitehead will continue his work on this 
phase of cable saturants, so that these factors of time and oil migra¬ 
tion may be considered. 


Oil Oxidation 
in Impregnated Paper 

Discussion and authors* closure of a paper by J. B. Whitehead and 
T. B. Jones published on pages 1492-15}01 of volume 56, 1937, 
AIEE TRANSACTIONS (December 1937 issue of ELECTRICAL 
ENGINEERING) and presented for oral discussion at the cables and 
research session of the winter convention. New York, N. Y., January 
27,1938. 


L. E. Fogg and R. B. Power (Kennecott Wire and Cable Company, 
Phillipsdale, R. I.): About eight or ten years ago the research 
department of our company attempted some electrical tests on 
samples quite similar to those used by the authors. The results of 
this work were very unsatisfactory because of the nonuniform 
shrinkage of the paper samples. During the drying process, bulges 
and swills were formed in the samples to such an extent that the 
upper electrode was appreciably raised, even though its weight was 
sufficient to produce a pressure of several pounds per square inch 
on the sample. We would be interested to know if the authors en¬ 
countered any such difficulty in their work, and how they were 
able to avoid it. 

In connection with figure 7 of the paper, the authors suggested that 
a cause of the rising power factor—-voltage characteristic might be 
the formation of some ions through atomic or electronic collisions. 
It is not obvious why such a factor should permit later flattening of 
the curves as still higher voltage stresses are applied, unless it may be 
assumed that there are but a limited number of atoms susceptible 
to such ionization. We would appreciate hearing the authors' view¬ 
point on this phase of the subject. 

There is an apparent discrepancy in figures 22 and 23. The au¬ 
thors attribute to incomplete saturation both the low capacitance of 
figure 22 with respect to the comparable oxygen treated sample, 
and the ^initial decrease of the ionization curve of figure 23. How¬ 
ever, this decrease apparently is brought about by more complete 
saturation, which at the same time should bring about an increase 
inthe capacitance of figure 22, which increase is conspicuously ab- 
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L. J. Berberich (Westinghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): The result reported by the authors 
that small amounts of oxygen had practically no effect on the 
electrical properties of the one oil studied throws new light on the 
oxidation problem of cable oils. Unfortunately, however, in order 
to generalize this result, a range of oils of different constitution 
must be studied. The authors give very little information which 
would enable one to obtain an idea of the constitution of the oil 
except for the broad statement that the oil is a “highly refined paraf¬ 
finic cable oil.” While there is no accurate way of charac¬ 
terizing the constitution of oil, it has, nevertheless, been found that 
the “viscosity index" is of value in this connection. This leads the 
writer to suggest that more use should be made of this index by those 
studying insulating oils. 

The term “viscosity index” and its use as a constitutive property 
of the oil was first proposed by Dean and Davis (Chew, and Met . Eng., 
volume 36, page 619, 1929). It is independent of the value of the 
viscosity and permits the expression of the viscosity-temperature 
coefficient of the oil as a simple function of the Saybolt universal 
viscosities at 100 and 210 degrees Fahrenheit. The system was de¬ 
vised on the basis that a typical coastal oil is taken to have a vis¬ 
cosity index of zero and a typical Pennsylvania oil is taken to have 
one of 100. From empirically derived equations connecting the 
viscosities at 100 and 210 degrees Fahrenheit for oils from these two 
extremes of crudes. Dean and Davis compute data for a table. 
Knowing the viscosities at 100 and 210 degrees Fahrenheit, use of this 
table and a simple arithmetic calculation will give the viscosity index. 

A number of interesting correlations of viscosity index with other 
properties of insulating oils have already been made. Sommerman 
(Electrical Engineering, volume 56, page 566, 1937) has found 
that the amount of ar-wax formed by cable oils when subjected to 
gaseous ionization increase with increase in viscosity index of the 
oil. Balsbaugh, Larsen and Oncley (1937 Report on Research Proj¬ 
ect on Electrical Insulating Oils at MIT sponsored by Utilities Co¬ 
ordinated Research, Inc.) have found at least an approximate re¬ 
lationship between ease of oxidation and viscosity index among a 
group of oils representing extremely wide variations in constitution. 
Viscosity index heads the list of physical constitutive properties 
which these workers suggest as useful for predicting chemical be¬ 
havior. The writer also, in his work on cable oils, whether it was a 
study of stability to oxidation or stability to gaseous ionization, has 
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found the useofcviscosity index valuable Henfie, with this much 
evidence in favor of viscosity index, the writer believes this work of 
the authors could be better correlated with that of others if the 
viscosity index had been given. 

G. M. L. Sommerman (American Steel and Wire Company, 
Worcester, Mass.): From the physical properties of the oil given in 
table II by Whitehead and Jones, it is calculated that the specific 
gravity of the oil at 60 degrees Fahrenheit is G =* 0.918 and the 
viscosity at 100 degrees Fahrenheit is V =» 2,360 Saybolt seconds. 
These data may be used to calculate the viscosity-gravity constant 
of the oil according to the method proposed by J. B. Hill and H, B. 
Coats (J. Ind. and Eng . Chem., volume 20, 1928, page 641), which is 
as follows: 

_ 10 G — 1.0752 log(F - 38) 
a ~ 10 - log (V - 38) 

For the oil in question, a — 0.84; for highly paraffinic oils, a — 0.80; 
for highly naphthenic oils, a = 0.87. This indicates that the oil is 
probably of midcontinent source with a viscosity index in the neigh¬ 
borhood of 70. It would be of interest to have oxidation data of the 
kind presented by Whitehead and Jones for the other types of oils. 

From the data presented in this paper it is not clearly proved that 
the process of oxidation in oil (as distinct from the results of oxida¬ 
tion) is a source of increased power factor. First, the decrease in 
power factor following the degassing of aged oil may be due to the 
removal of volatile oxidation products, as recognized by the authors. 
Second, the higher “ionization factors” of the undegassed samples 
compared with those of the degassed ones may also be due to volatile 
constituents. Third, the greater rate of rise of power factor with 
increase in temperature for specimens containing more oxygen may 
be due simply to the higher power factors of the more highly oxidized 
oils. Power factor-temperature curves of impregnated paper similar 
to the authors* figure 18 were reported by the writer in a recent paper 
(Electrical Engineering, volume 56, 1937, page 566, figure 6). 
Rapidly rising power factor-temperature curves were obtained when 
the saturants were degassed deteriorated oils, and the values were 
practically independent of time, at least up to 24 hours. This is also 
in accordance with the results reported earlier by Whitehead (AIEE 
Transactions, volume 52, 1933, page 667). 

Herman Halperin (Commonwealth Edison Company, Chicago, Ill.): 
We in Chicago have been making tests on 1,000-foot lengths of 
experimental 132-kv cable and have obtained some test data on the 
effects of small amounts of dissolved oxygen or air on the character¬ 
istics of oil-filled cable insulation. Apparently during either 
manufacture or installation a slight amount of air was entrapped in 
some of these cables. After these cables had been subjected to 
heating cycles to about 70 degrees centigrade for 10 or 20 days, meas¬ 
urements of power factor at 60 degrees centigrade showed no change 
at all from the measurements obtained when the cables were first 
installed. In one cable the effects of the entrapped air required one 
month to show increases in power factors at 60 degrees centigrade, 
while for the other cable a few years were required. 

From this experience and other considerations, I am forced to 
disagree with the conclusion of Whitehead and Jones on the relative 
unimportance of small amounts of oxygen as affecting electrical 
properties. Tests on this point apparently require more than the 
seven days used by them. 

One of the outstanding characteristics of the deteriorated experi¬ 
mental cables in Chicago was the development of so-called negative 
ionization factors. The authors* tests obviously did not last long 
enough to develop negative ionization factors. 

It is of interest to note that the ionization factors reported by the 
author decreased “when oxygen and volatile products were with¬ 
drawn.** This fact seems to indicate that some gaseous ionization 
was present, and such a conclusion is supported by the test results 
with nitrogen. 

The radial power-factor tests were made at room temperature. 
We have found that samples which show interesting variations in 


power factor when tested at 60 degrees centigrade show in some 
cases insignificant variations at room temperature. 

One of the helpful results of the authors’ studies is that, in testing 
stressed oil, it is better not to remove moisture and volatile products 
in order to retain reliable indications of the condition of the stressed 
oil. 

J. B. Whitehead and T. B. Jones: We are in agreement with the 
suggestion of Doctor L. J. Berberich that it would be desirable to 
correlate all studies of the electrical properties of oils with the respec¬ 
tive values of the viscosity index. In the case of the oil used in our 
studies, we did not determine the viscosity index, nor was it fur¬ 
nished with other properties of the oil as given by the refiner, as 
set forth in table 2. We note, however, that Doctor Sommerman 
in his discussion has estimated the value of the viscosity index to be 
in the neighborhood of 70. 

Mr. Wyatt raises the question of the influence of a longer period 
of test on variations of layer power factor due to oxidation. We agree 
with him that longer tests would probably accentuate layer varia¬ 
tions of power factor. However, our results indicate that the U- 
shaped curves sometimes observed in new cables are probably not 
due to oxidation. Furthermore, we have given evidence of a quan¬ 
titative evaluation of the amount of oxygen necessary to produce a 
layer effect within a limited time. 

Replying to Messrs. Fogg and Power, we encountered no instances 
of buckling or nonuniform shrinkage in our samples. Throughout 
our tests a constant weight was kept on the upper electrode. This 
was done to maintain uniform pressure throughout the test. Ap¬ 
parently this weight was sufficient to prevent troubles of the nature 
mentioned. A rising power factor-voltage characteristic passing 
through a maximum, and followed by a descending portion has often 
been noted in our work. An explanation has been offered in the 
paper “Residual Air and Moisture in Impregnated Paper Insulation— 
II” (Whitehead, Kouwenhoven, and Hamburger, AIEE Trans¬ 
actions, volume 47, 1928). The conductivity and the number of 
ions in the oil have relatively low values. With increasing stress 
collision ionization is possible, but is not cumulative, owing to the 
limited length of path. Above a certain stress all of the free ions, 
including those caused by ionization, pass to the limits of their free 
paths in both positive and negative half cycles. A saturation con¬ 
dition results, the power factor passes through a maximum, and with 
further increase of voltage, conduction current is constant and capaci¬ 
tance current increases, causing a decrease in power factor. This 
picture is a suggestion only. An alternative one for the rising power 
factor at lower stresses is that with increasing stress large molecular 
aggregates surrounding the ions are stripped of their outer envelopes 
of neutral molecules, acquire higher velocities with resulting in¬ 
creased conductivity. The curves of figure 21 indicate that with in¬ 
creasing temperature both of these effects may be involved. 

The apparent inconsistency between the power factor-voltage and 
power factor-time curves for nitrogen and for air is due to the differ¬ 
ence in pressure (gas content) between the two tests. The nitrogen 
test was at ten centimeters and air test at one millimeter pressure. 
Thus in the nitrogen sample there was 100 times as much gas as in 
the air sample. Thus capacitance changes in the latter were too 
small to be detected. In this connection, it is worth noting that the 
constant value of capacitance of the air sample is between five per 
cent and ten per cent less than that of the one-millimeter oxygen 
sample, thus indicating a better impregnation for the latter. 

We are glad to note Doctor Sommerman’s computation of the 
viscosity index of the oil. We note also that he feels that our tests 
do not clearly prove that the process of oxidation is a cause for in¬ 
creased power factor. We agree to this, but on the other hand, we 
are not greatly impressed by the grounds of his doubt. What rea¬ 
sons has he for supposing that volatile products of themselves can 
cause an increase in power factor? The work of Piper in fact in¬ 
dicates that the addition of a wide variety of soluble oxidation 
products to an oil has little if any effect on power factor and loss. It 
seems to us that a far more probable and powerful cause is to be 
found in the continual process of chemical change during oxidation, 
and the temporary separation during this process of ions of opposite 
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sign. If such is the case, increases in conductivity and power factor 
are logical. 

We agree with Mr. Halperin and others that in any studies of the 
oxidation process long periods are desirable. He makes the mistake, 
however, of comparing the conditions of our tests with those of his 
longtime tests on completed cables. His tests contain a variety of 
factors and influences on power factor and stability that we have 
taken great care to eliminate. His succession of temperature cycles 
particularly, introduces the whole question of the creation of voids 
and the resulting gaseous ionization. Gas bubbles and voids and 
gaseous ionization in the ordinary sense were apparently entirely 
absent in our tests. In fact we find in the result of Mr. Halperin’s 
tests a strong corroboration of our conclusion that oxygen in small 
amounts in impregnated paper insulation has little or no effect as a 
deteriorating agent. In particular we repeat that in our experi¬ 
ments a constant supply of oxygen was kept up, which is definitely 
not the case in a closed cable, and that in spite of this fact, oxygen 
to the extent of 0.013 per cent by volume in the oil has an effect on 
the oil which is not greater than that caused by contact,alone with 
paper and with metals. 

The Current-Carrying Capacity 
of Rubber-Insulated Conductors 

Discussion and author's closure of a paper by S. J. Rosch published 
on pages 155-67 of this volume (March section), and presented for 
oral discussion at the cables and research session of the winter con¬ 
vention, New York, N. Y., January 27,1938. 

H. B. Dwight (Massachusetts Institute of Technology, Cambridge): 
In 1935 and 1936 some thesis investigations were made by C. R. 
Boytano, 1.1. Hochberg, and B. R. Souza at Massachusetts Institute 
of Technology, under my supervision, on the current-carrying 
capacity of single-conductor, 600-volt, rubber-insulated, braid- 
covered conductors in three and one-half-inch fiber ducts encased in 
concrete. The duct line was 30 feet long, with three ducts. Two 
sizes of samples furnished by the Simplex Wire and Cable Company 
were tested, with the following results: 

Over-all thermal ohms per foot of duct, from the copper to the 
outside of the concrete, with the copper at 40 degrees centigrade. 



Thermal Ohms per Foot 


Site 


(Decrees Centigrade lor One 

Number in Duct 

Watt per Foot of Duct) 

Number 4/0. 


...5.0 

Number 4/0... 


.3 8 

Number 4/0............ 



500,000 circular mils..... 



500,000 circular mils_ 




The thermal ohms are slightly less than the values given, for 
temperatures above 40 degrees centigrade for the copper. 

These results for fiber duct are of course not directly comparable 
with those for iron conduit. 

W. A. Del Mar (Habirshaw Cable and Wire Corporation, Yonkers, 
N. Y»): This is not merely another paper on “carrying capacity.” 
It is the culmination of years of co-operative effort and research in 
which practically all who have studied the subject have had some 
voice. It should form the basis of future standard tables of carrying 
capacity and of future practice. 

Mr, Rosch is to be congratulated on a fine piece of laboratory 
work and on his effective collaboration with other engineers in 
orienting his new data in relation to their data and experience. 

D. W; Yer Planck (Yale University, New Haven, Conn.): The 
interesting paper by Mr. Rosch gives a much needed treatment of 


the subject of heat transfer from wires both in conduits and in the 
open. The study is based on the assumption that the heat transfer 
from the wires is entirely in the radial direction, as of course it is, 
for the major portion of any long uniform cable. One should not, 
however, lose sight of the fact that near the terminal of a cable there 
may be a considerable axial transfer of heat to or from the connected 
apparatus. 

From the standpoint of this paper the case of greatest interest is 
where the connected apparatus tends to run hotter than the cable. 
This condition is encouraged by various apparatus standards which 
permit a maximum terminal rise of 30 degrees centigrade and in some 
cases even 40 degrees centigrade. Obviously, such rises above a 
30 degree centigrade ambient will subject the end of the cable to 
temperatures from 10 degrees to 20 degrees centigrade in excess of the 
50 degrees centigrade specified by Mr. Rosch as the limit for rubber 
insulation. It is the purpose of this discussion to indicate how great 
a length of the cable will be influenced by the high terminal tempera¬ 
ture rise. 

To derive the equation for axial temperature distribution let 

x = distance along cable from terminal 
T = temperature rise of copper at x 
To = temperature rise of terminal 
q «= heat generation per unit length 
k — (radial) thermal conductance per unit length 
R = (axial) thermal resistance per unit length 

Upon applying the condition of heat balance to a differential length 
of the cable, there results the differential equation: 

dH 

--URT--R* 

Assuming that the length of cable extending from the terminal is 
great, the solution is: 

indicating that the temperature rise decreases exponentially with 
distance along the cable from the terminal value To to the value 
q/k which applies for conditions remote from the ends. A measure 
of the length to which the terminal temperature is propagated into 
the cable is (kR)~^\ a quantity, which increases with cable size but 
in less than direct proportion. If the distance along the cable from 
one terminal to the next is not great, another solution taking account 
of both terminal conditions can be easily obtained. 

Figure 1 of this discussion illustrates the use and checks the cor¬ 
rectness of this analysis. A 4/0 cable in open air carrying 225 am¬ 
peres is connected to a switch terminal having a rise of 35 degrees 
centigrade. The curve is calculated and the circled points are 
thermocouple measurements. The radial conductance per unit 
length k was deduced from Mr. Rosch’s paper, table IV. The am- 
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bient temperature was 25 degrees centigrade, and, while under these have brought out the valuable work done by Mr. Rosch and his 

conditions the cable remote from the terminal attained a temperature associates for the NEMA rubber covered building wire technical 

of only about 36 degrees centigrade, a length of five or six inches near committee and we cable manufacturers are very grateful for the 

the terminal was subjected to temperatures in excess of the 50 clearing up of many of the questionable constants such as radiation 

degrees centigrade limit. Had the cable been worked to the limit from braids and conduits of various sizes. To me, the real value to 

calculated by Mr. Rosch's method, a still greater length would have the paper comes from our ability how to be more certain of our 

been subjected to excess temperature, even though the safety factor calculations and the opportunity of revising the NEC so as to 

included in curve C of figure 9 tends to reduce this length. properly rate cables when drawn into conduits whether or not a 

The possible overheating of the end portions of cables as a result single cable or several cables are used. Heretofore it was difficult 

of the high terminal rises permitted by various apparatus standards to convince an electrical contractor or some utility engineers that 

seems particularly worthy of consideration when it is remembered the Code at the present time does not specifically state the current 

that these same end portions are likely to receive the greatest loading tables are for a single cable in a conduit. We are hoping 

mechanical abuse during installation. It is hoped that the material that the Code tables will be revised and that they will give loadings 

in this discussion may help toward a better understanding of tern- for both single cables and three cables in a conduit such as table XI 

perature conditions that sometimes exist near cable terminals. of Mr. Rosch's paper. 


Herman Halperin (Commonwealth Edison Company, Chicago, 
Ill.): Rosch and those who worked with him are to be congratulated 
for giving us some valuable information on rubber-insulated con¬ 
ductors. The data presented, however, are not convincing that 
code rubber will have a long life when operating at 50 degrees centi¬ 
grade. In their tests at 50 degrees centigrade the physical proper¬ 
ties decreased. Perhaps the author is relying on the load in service 
actually being usually less than the rated load, or on the ambient 
temperature being less than 30 degrees centigrade most of the time. 

In connection with building wiring, it seems to me that more 
thought should be given by the industry to the use of better grades 
of rubber instead of Code rubber, especially where there are possi¬ 
bilities of loading near the ratings or of high ambient temperatures. 

I have heard of some buildings where the rubber on the circuits was 
even two steps better in quality than Code rubber. The additional 
cost for a better grade of rubber insulation is small, especially in pro¬ 
portion to the total installed cost of a wiring installation, while the 
life of a wiring installation is on the average sharply increased by the 
use of better rubber. 

It is interesting to note in figures 3, 4, and 5 that the rubber from 
the number 0000 cable stood up better than the rubber from the 
number 14 and number 16 wires. It would be interesting to know 
the author's explanation. 

Referring to figure 9, which shows that the surface resistivity 
increases for cable diameters up to one and three-fourths inches, we 
have in the Commonwealth Edison Company been using a similar 
characteristic in resistivity for about ten years. Our curve is based 
on test data obtained for us by Barenscher at the University of 
Wisconsin. The curve is convex upward and has a resistivity of 
400 for zero cable diameter, which becomes a value of 1,200 at two 
and one-half inches cable diameter. Mention of our curve has been 
made in the NELA meetings and in C. A. Bauer's article presented 
at the Great Lakes Section of the NELA underground systems 
committee on April 10, 1931 (Published in "1930-31 Report of 
Engineering Section," Great Lakes Division, NELA, Appendix 
XXXV, page 237), Our values are somewhat lower for the smaller 
cables than shown. 

It would be of interest to know why the author plotted on figure 9, 
apparently, data from table VII instead of from table IV of his 
paper* because the latter data would result in a lower resistivity and 
a lower curve. 

In contrast to the author's proposal to use the total area of two 
or three cables in a duct in connection with thermal resistivity, we 
have tried to take some recognition of the fact that the surface in 
the center of the combination of cables does not radiate heat. As a 
result, we have worked out a term for thermal resistivity for three 
cables based on two and one-fourth times the surface of one cable, 
the corresponding term being 1.83 in the case of two cables. 


R. J. Wiseman (The Okonite-Callender Cable Company, Inc., 
Passaic N. J.) : Every engineer who has had occasion to compute the 
current-cabling capacity of rubber-insulated conductors installed 
in conduits has been puzzled by the difficulty of checking ffis calcu¬ 
lations with the National Electrical Code. The other discussers 


S. J. Rosch: Professor Ver Planck’s comments with regards to the 
axial transfer of heat from connected apparatus to the terminating 
end of a cable, are very timely and to the point. This is a feature 
which has received very little consideration in the past and we recom¬ 
mend a study of his discussion by all those who are engaged in con¬ 
sidering the question of heating of wiring in panelboards, circuit 
protection and the uniform current rating of service equipment. 

Mr. Halperin questions the life of Code-grade rubber insulation at 
50 degrees centigrade. As stated in the text, the investigation at 50 
degrees centigrade was conducted on samples of cable submitted by 
eleven manufacturers. Figures 4 and 5 were chosen as typical of 
the extremes in performance when aged at 50 degrees centigrade. A 
study of figure 4 indicates that the trend is definitely parallel to the 
horizontal axis. This was true even when the aging was extended 
over a period of 19 weeks. From this it was felt that 50 degrees centi¬ 
grade would give satisfactory life for Code-grade rubber insulations. 
Although space limitations prevented giving the performance data 
for the other nine manufacturers’ products, it can be stated that they 
all showed the same trend as shown in figure 4. 

We sympathize with Mr. Halperin's views on the desirability of 
using better grades of rubber insulation than the minimum grade 
now required by the National Electric Code. That the tendency is 
definitely in that direction can be seen from the fact that the Federal 
Specification Bureau's Specifications JC 106 and JC 121 now re¬ 
quire a superaging type of rubber insulation for use on all wiring in 
projects under Federal supervision. This same type of insulation 
is also being considered by suitable committees in NEMA, IPCEA, 
and the ASTM subcommittee on rubber insulated wire and cable 
specifications. The National Electric Code has recently appointed 
a committee to study the trends in higher grades of rubber insula¬ 
tion, as well as other insulations which are capable of higher operat¬ 
ing temperatures and possibly increased current ratings. 

Regarding Mr. Halperin's question as to the reason why the 
physical aging of the 4/0 cables showed up better than the smaller 
sizes, we can only assume that this was a coincidence for manufac¬ 
turers A and B, Had we given the data for the other nine manu¬ 
facturers, it would have been seen that in six of the cases, the 4/0 
cables showed up poorer than the smaller sizes. 

As regards Mr. Halperin's questions on the values of B b , tiie 
values plotted in figure 9 are the average values for B b given in table 
IV and, since they are the average, they are more truly representa¬ 
tive. The values given in table VII are for one condition only, 
namely, "horizontal open," and may be found under this column 
in table IV. During the computation of our results, we also used 
the areas suggested by Mr. Halperin, but they resulted in values 
for B b that could not be fitted to a curve. It can also be readily 
seen that to use the areas suggested by Mr. Halperin, would result 
in more complicated formulas. Furthermore, so long as the total 
area is used in the computation of B b and in the ultimate calculation 
of current-candying capacity, no error is introduced in the result. 

We appreciate the references given by Mr. Halperin concerning the 
values of B used by his company. We calculated several values of 
B from the data presented in Mr, Bauer's paper and found that on 
plotting them in figure 9, they practically fitted on curve C, the 
curve adopted for standardization. What is more surprising, how^ 
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ever, is the fact that a curve plotted from the data presented by Mr. 
Bauer, almost completely parallels our curve B. It is regrettable 
that the factual data on which Mr. Bauer’s formula for B is based 
was not given in his paper. 

The comments of Professor Dwight are of interest, even though 
the data is not directly comparable to that obtained with iron con¬ 
duit. They do, however, afford the author an opportunity to ex¬ 
press his deep appreciation for the very excellent work done by Mr. 
C. R. Boytano, mentioned in Professor Dwight’s comments. Mr. 
Boytano was responsible for the investigation of the thermal surface 
resistivity under the very able supervision of Messrs. A. C. Connell 
and B. Jore. 

We also appreciate the kind remarks of Mr. W. A. Del Mar and 
Doctor R. J. Wiseman. The author was extremely, fortunate in 
being able to discuss his results with the leading cable engineers in 
NBMA and the IPCBA. The present paper represents the com¬ 
bined engineering thought and effort of the wire and cable industry 
and, in conclusion, the author wishes once more to express his sin¬ 
cere appreciation to all those whose efforts were instrumental in 
making this paper possible. 

Mechanical Uniformity 
of Paper-Insulated Cables 

Discussion and authors' closure of a paper by K. S. Wyatt, D. L. Smart, 
and J. M. Reynar published on pages 141-54 of this volume (March 
section) and presented for oral discussion at the cables and research 
session of the winter convention. New York, N. Y., January 27,1938. 

W. A. Del Mar (Habirshaw Cable and Wire Corporation, Yonkers, 
N. Y.): Once again we are indebted to the Detroit Edison Com¬ 
pany engineers for useful tools to assist in cable research. They have 
given us the radial power factor test, the hydrophil test, and now 
they give us the torsional penetrometer and the styrene wafer. 
We manufacturers are grateful for these means to assist us in giving 
to the industry the best cable that science and skill can produce. 

The authors are undoubtedly right in looking for improvement in 
cable performance by the perfecting of mechanical uniformity. This 
goal has been the aim of cable manufacturers for many years, as 
evidenced by the improvements in taping and cabling mac hin es, 
the use of caterpillar take-offs, pre-spiralled sectors, humidity 
control, and so forth. I doubt whether the styrene wafer 
will add anything to the knowledge which is the basis of 
these developments. So far, the styrene wafer has revealed nothing 
of that kind which was not known to the machine designers. 

It is rather in more fundamental research that the styrene wafer will 
prove its usefulness. It has shown, for instance, that the paper 
tapes are practically tangential to round strands, thereby substan¬ 
tiating one of the claims made for the compact type of conductor, 
and it has definitely revealed the voids created by load cycles, both 
of which features in the past have been obscured by burring of the 
paper in cutting sections. 

The number of inherent insulation failures in cables is now very 
small. If totally eliniinated, the effect on the total outages would 
scarcely be noticed. If we leave out failures due to improper design 
of vertical cable ends, it is probable that a large proportion of the 
very small residual total of inherent insulation failures would be 
found to be due to unavoidable defects caused by the inherent 
fallibility of men and machines, rather than to any general 
condition susceptible of discovery by means of wafers. This is not 
to be interpreted as meaning that, in my opinion, cables are not 
susceptible of improvement. We shall have thinner walls, greater 
dielectric strength, greater power-factor stability, better sheaths, 
and many other improvements. I merely say that such improve¬ 
ments in mechanical structure of insulation as may be made in the 
future, will not materially reduce outages of cable. 

It is, of course, in three-conductor, and particularly sector cables, 
that there is the most room for mechanical improvement, but life 
tests show that these cables are surprisingly close in quality to the 
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single-conductor cables. Furthermore, the most carefully made 
laboratory-built cables are just as variable in their performance in 
load cycle tests, as the ordinary factory-built cables. 

Inventors, realizing this condition, have sought to extend the volt¬ 
age limits of cable, not by insisting upon impossible perfection, but 
by the more practical plan of accepting imperfections as inevitable 
and devising means to make them harmless. Thus Emanueli 
covers a multitude of sins by using a thin oil that maintains perfect 
impregnation, and both Bennett and Hochstadter effect the same 
result by putting the insulation under pressure. It seems to me that 
the authors of this paper are like people who insist on geometrically 
plane roads for safe and comfortable motoring, while others, like 
myself, prefer to have good tires, knowning that occasional road 
bumps are inevitable. 

Referring to the curves of tape tension, the authors assume that 
uniformly high tension is the desideratum. It is not clear why they 
should hold this view as no evidence is given to support it. 

I have seen cables with the most visibly nonuniform tape tension, 
that were perfectly satisfactory, and uniformly tight cables that 
failed. The tension of tapes is not a matter that can be considered 
by itself; the best tensions are tied up with manufacturing equip¬ 
ment and procedures, bending tests, oil viscosity, and operating 
temperatures. 

We shall be better equipped to study this subject with the new 
tools the authors have given us, but it will take time to reach sound 
conclusions with them. 

If the wafer method is to prove of great value, it. will have to be 
greatly simplified, preferably along lines of inspection by reflected, 
rather than transmitted light, so as to eliminate the time and effort 
expended on making thin cuts. 

The authors’ study of tape staggering, is very much along the lines 
of a study I made in February 1930. Quoting from the unpublished 
report of that work: 

“Twelve cases have been considered with staggerings in stages of 1 /n inch from 
cable A with tapes, staggered the maximum amount to cable K t with tapes 
staggered the minimum amount. ... It will be noted that they differ in two 
respects: 

1. The recurrence of superimposed channels. 

2. The length of the leakage path from conductor to sheath assuming the 
channels ionized. 

“The recurrence of superimposed channels weakens the cable to radial stresses 
and a short leakage path weakens it to tangential stresses. Thus there are 
two potential paths of failure in parallel and on voltage-time test, the cable 
will fail along the weaker one.” 

A summary of the study of these cables follows: 

The radial dielectric path is about 50 times as strong as the 
tangential path. Hence to compare these cables, we divide the 
length of the tangential path by 50 and compare it with the paper 


Table I 


(1) 

(2) 

(3) 

(4) 

<S) 

(6) 

(7) 




Superimposed 

Shortest 



Overlay t 

Radial Channels* 

Leakage Path** 


32d’s 

Per 

Per 

Mils of 

32d*s 

Mils 

Cable 

Inch 

Cent 

Cent 

Paper 

Inch 

+ 50 

A.... 

.10. 

.43.. 

.....50... 

....110.... 

...430....... 

.269 

B.... 

. 9- 

.39. . 

. 14... 

-189- 

...429. 

.268 

C.... 

. 8. 

.35. . 

.20... 

.... 176.... 

...386. 

.242 

D.... 

. 7. 

.30. . 

.33... 

.... 147.... 

...343....... 

.215 

E.... 

. 6. 

.26. . 

.10... 

.... 198.... 

...300. 

.187 

F.... 

. 5. 

.22. . 

.25... 

,...165.... 

...257.. 

.161 

G.... 

. 4. 

.17. . 

.11... 

_196.... 

...214. 

. 134 

N.... 

. 3. 

.13.. 

.17... 

_183. .• 

...171....... 

.107 

/.... 

.2. 

. 9. . 

..*..12... 

-192.... 

.. . 128. ...... 

. 80 

/.... 

. 1. 

. 4.. 

.9... 

....200.... 

... 85. 

. 53 

K.... 

. 0. 

. 0 . 

. 4 .. 

....210.... 

... 0. 

. 0 


* This includes channels with edges aligned, as well as those squarely super¬ 
imposed. 

** Paper thickness neglected. 

t Tape is assumed aa /« inch wide, with 1 /k inch gap, so that maximum possible 
overlay is inch or ~ ° * 43 V* per cent. The per cent overlays are 

rounded to the nearest integer. 
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thickness of the radial path, as in columns 7 and 5 of the accom¬ 
panying table I. 

If we plot the lesser of these thicknesses (from columns 5 or 7) 
against overlay (column 3), we obtain the curve shown in figure 1 of 
this discussion from which it will be noted that there are substan¬ 
tially equal peaks at 26 per cent and 39 per cent overlay. The 26 
per cent peak, however, gives better results due to the better bending 
characteristics of the cable. 

Attempts were made to check curve A by voltage-time tests on 
specially made cable samples and while cables coming under the 
classifications of A, H t I, J, and K were definitely poor and cables 
G to B, definitely good, it was not possible to correlate the latter with 
the curve in figure 1, although the general trend was toward a maxi¬ 
mum dielectric strength at E and F, rather than at B, 

H. B. Dwight (Massachusetts Institute of Technology, Cambridge): 
May I ask if the mechanical tests described, particularly the test by 
making thin wafers showing the cross section, have been applied to 
large generator coils, and has information of interest been obtained? 

R. J. Wiseman (The Okonite-Callender Cable Company, Inc., 
Passaic, N. J.): This paper again reports to us the valuable re¬ 
search work being carried out by the Detroit Edison Company in 
their desire to bring to our attention, tools or test methods which 
may be of help in our desire to improve the quality of our cables. 
However, in reporting the results of these test methods and the 
conclusions to be drawn from them, one must go slowly and cau¬ 
tiously because it is necessary to consider all the whys or wherefores 
that certain things are done, which ordinarily may be considered as a 
defect or shortcoming. For example: let us take the penetrometer 
and torsion tests which are supposed to indicate the degree of hardness 
tightness, or firmness of the insulation and the opinion is expressed 
that we should get a straight line plot of depth of penetration (figure 
7 ) across the insulation. I am not so sure that we should get the 
same value for across the insulation. Perhaps a decreasing value 
as we go from the conductor outward or even an increasing value is 
better. We know in the taping operation that we have to adjust our 
tensions to prevent pinching or wrinkling of the inner tapes. Do 
we want a tightly wrapped cable which means a low value for pene¬ 
tration? If we do, we will get very little oil between the layers of the 
paper and this is as essential to us as oil in the paper itself is necessary 
if we hope to get good electrical characteristics. If too tightly 
wrapped we will not get good oil movement radially. If the paper is to 
loosely wrapped we will get drainage and voids. Therefore, we look 
for that wrapping which will give a well and uniformly saturated 
cable possessing low original ionization and high dielectric strength. 

The development of the cable wafer is going to be very helpful to 
the cable manufacturer, as it gives him another tool for checking the 
mechanical setup of the cable. Here also, we must be careful about 
interpreting results. It does not necessarily follow that "comet’s 
tails’’ unless distinctly more pronounced on one side than the other 
are due to the twisting of the conductor. There really is a comet’s 


tail on both sides in the filler space. It can be due to the shape 
of the insulated conductor. A round conductor would show a longer 
comet’s tail than a sector-shaped conductor. Also, it can be due to 
the use of too much filler material in order to get compactness and 
some of the filler will ride over the back of the conductor. If there 
is filler material between the conductors it is also due to too much 
filler and being forced into the space between the conductors. 
This is not serious as the filler is under high compression caused by 
the cabling operation. 

Sometimes I wonder if we want the mechanical perfection that we 
hear about. We start with a good mechanical make-up in the 
factory and then as the authors say, we reel and unreel it, draw it 
into a duct, shape the ends.around the manhole for splicing and 
finally it goes through the expansion and contraction due to loading. 
We upset the position of the papers and the oil moves but not 
entirely reversibly as in the case of oil-filled cables. If the tapes are 
wrapped tightly, we have a small amount of oil between layers. 

If too loose, we get drainage and poor electrical characteristics. 

If longitudinal movement of the cable is retarded, we get a forced 
radial expansion of the insulated conductors which will injure the 
insulation. A great deal is dependent on how a cable is handled and 
installed; in other words, the utility also has a responsibility where 
the cable leaves the factory in a good mechanical condition. 

The oval type of cable overcomes some of the operating effects, but 
not installation. With this shape of conductor we get the paper 
along the minor axis stretching the necessary amount to take up the 
expansion of the oil and on cooling, forces the oil back again, thereby 
maintaining uniform saturation all the time. We also are able to 
hold down the internal pressure which develops during heating as 
well as prevent the cable from going to a high vacuum on cooling. 

I am not able to go along with the idea that pretwisting of the 
conductors will eliminate the cabling problem. Figure 5, which is 
taken as an example of uniform insulation, does not have pre¬ 
twisted conductors. We have made cables both ways and find it is 
not necessary to pretwist. 

In taping, we not only look for the longest leakage path from conduc¬ 
tor to sheath, but also the most effective use of layers of paper free 
of gaps. According to the table on page 151, one gets the impression 
that a 50-50 overlay is best. It is the worst, because we have only 
half the number of layers of paper effective due to the gaps lining 
up across the insulation. A 35-65 overlay is, on the average, about 
the best. 

Let us not get the impression from the pictures shown in the paper 
that the cable manufacturers are sadly deficient in their ability to 
put out a quality product. If we did, the utilities would not be able 
to carry the loads at the voltages they do today and instead of the 
inherent failures of cables due to insulation being about ten per cent 
of the total failures, they might easily be over 50 per cent. We are 
constantly striving for both mechanical and electrical perfection, but 
there is an economic limit we can go to in view of the type of cable 
and how it is used. The chances of a large reduction in wall thickness 
are not promising in the near future. 

Herman Halperin (Commonwealth Edison Company, Chicago, Ill.): 
I ended my study of this interesting paper with mixed feelings and, 
as a result, my position is somewhat between that of the authors and 
that of some of the discussers. As usual and as indicated in the 
paper, we have co-operated and we have for several months been 
carrying on investigations as the result of the information first 
brought to our attention last spring by Mr. Wyatt. 

The new tools developed by the authors are being used by many 
manufacturers and some utilities and should be of material assistance 
in improving the quality of paper-insulated cables. It remains to 
be seen, however, whether the use of such tools will eventually make 
feasible the radical reductions in the thicknesses of insulation of solid- 
type cables as prophesied by the authors. I will have to admit 
that as far as belted-type three-conductor 13-kv cable and single¬ 
conductor 69-kv solid-type cable are concerned, I do hot see how 
improvements in the mechanical uniformity of the insulation will 
alone result in reductions in insulation thickness such as 30 or 40 per 
cent as implied by the authors. 
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Table II 


Even though the failures due to insulation in cables made in the 
past 10 or 12 years are small in proportion to the total failures in 
underground systems, I do not agree with the implication of the 
remarks of one of the other discussers that there is practically 
nothing much more to be done as far as the insulation is concerned. 
There is still present the economic pressure to reduce costs, and one 
of the important ways of accomplishing this is to reduce the insula¬ 
tion thickness with safety. 

As to the statement in the third paragraph of the introduction 
that one finds little or no information in the literature concerning 
compactness and uniformity of layer structure of insulation, I 
should like to point out that there was a tremendous amount of 
correspondence and oral discussion in the industry on the mechanical 
properties of insulation some 12 or 15 years ago. As a result, the 
American manufacturers practically eliminated the severe wrinkles 
of the insulation of multiple-conductor cables with sector-shaped 
conductors and the improper registrations of several tapes one on 
top of another. From time to time they have made further improve¬ 
ments in mechanical uniformity. and I know of two important 
changes started in 1936. In addition, there are still arguments as to 
just how the tension and compactness of insulation should be. These 
tools of the authors should help settle these arguments. 

There seems to be an idea in the paper that the effectiveness of 
insulation is reduced in exact proportion to the number of gaps that 
are in a straight line between any two electrodes. This implica¬ 
tion is unwarranted. 

As a general proposition, improvements in mechanical uniformity 
should apparently be of most benefit for three-conductor solid-type 
shielded cable with sector-shaped conductors and rated at 25 or 
35 kv, the benefits decreasing down to the least possible benefit with 
oil-filled single-conductor cable. 

C. L. Dawes (Harvard University, Cambridge, Mass.): The au¬ 
thors describe a process in which the paper tapes and the fillers of im¬ 
pregnated-paper cables become solidly embedded in their natural 
positions in transparent glass-like styrene. Thin cross sections or 
wafers permit a visual study of the mechanical structure of the cable, 
showing clearly any wrinkles, voids, butt spaces and the like which 
may be present. This process which involves in a high degree both 
chemical and physical technique gives engineers another method by 
which to eliminate the factors which are responsible for the all too 
frequent cable failures. The authors should be complimented on 
their important contribution to the art. 

From many observations of cables subject to service conditions 
and accelerated life tests, I am in agreement with the author 
conclusion that the presence of voids, whether due to loose wrapping 
of the tapes or to butt spaces, does reduce materially the dielectric 
strength of the cable. With the expansion of the cable such as is 
caused by load cycles, the compound will tend first to vacate the voids 
because of the lack of capillary action existing in them. A very small 
amount of incipient ionization immediately produces mechanical im¬ 
pact which further drives the compounds from the voids, thus accentu¬ 
ating their effect. Not only is the potential drop across the voids 
reduced as stated by the authors, but also longitudinal stresses along 
the tapes in the neighborhood of the butts are developed. This is 
due to the fact that the voltage across a butt space is lower than that 
across the adjacent tapes, causing a voltage difference along the surface 
of the tapes, and possibly producing longitudinal creepage currents 
resulting in tackingand coring. (See C. L. Dawes and P. H. Hum¬ 
phries, "Ionization Studies in Paper-Insulated Cables, III," AIEE 
Transactions, 1930, page 766.) This effect would be accentuated 
where two or more butt spaces are practically superposed, such as is 
shown in several instances in figure 14. As the authors state, when 
better precision in applying the tapes is attained, reductions in the 
thickness of insulation become possible without diminution in dielec¬ 
tric strength. * > : . . 

Investigation has shown that in many cases the thickness of the 
voids must be extremely small, for the voltage gradients at which 
ionization begins may be four or five times the ordinary critical 
gradient for air at atmospheric pressure. As early as 1919 Clark 
and Shanklin conducted a comprehensive investigation of this phe- 
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nomenon in cables (AIEE Transactions, 1919,page489),andDubsky 
studied the matter for insulations in general (AIEE Transactions, 
1919, page 537). My own investigations of a number of cables also 
show such high gradients with correspondingly very thin voids. These 
cables were never longer than 15 feet, inclusive of guards, so that 
the internal pressure could not have been far from atmospheric. 

We also found that when impregnating compound was present in 
the voids, the gradient for initial ionization was practically double 
that with air alone (see Report of the Committee on Electrical Insu¬ 
lation, National Research Council, 1935, page 26). This increase in 
dielectric strength is apparently due to the presence of the vapors 
from the compound. There are little data on the dielectric strength 
of vapors under the conditions existing within impregnated-paper 
cable insulation. However, in J. J. Thomson's "Conduction of 
Electricity Through Gases," volume II, third edition, page 510, a 
table taken from the data of Bouty shows the dielectric strength of 
certain organic vapors. The data were obtained at pressures of 
from 0.0055 to 2 centimeters of mercury, which pressures are much 
lower than those ordinarily existing within cable insulation, The 
table does, however, show that the dielectric strength of such vapors 
is much greater than that of air alone, which confirms our experi¬ 
ments. 

In the accompanying table II are a few typical data obtained 
with actual cables, some of which were new and others which had 
been in actual service. The estimated thicknesses of the voids were 
based on the available data for air, since no data for vapor-filled 
voids, particularly petroleum, of these small thicknesses and also at 
atmospheric pressure are available. It is very probable that many 
of the voids axe thicker than estimated due to the presence of the 
vapors^ 


W. F. Davidson (Consolidated Edison Company of New York, Inc., 
Brooklyn, N. Y.): It was my good fortune to have followed, from 
their inception, the studies reported in this paper and I like to think 
that some of my words of encouragement were a factor in bringing 
them to a successful conclusion. .Lack of factual information is a 
complete barrier to full engineering development. In the field of 
cables we have been seriously handicapped by not having exact 
knowledge of the inner mechanical structure of cables. Now at 
last it is possible for the cable designer to study the effects of various 
details of the manuf acturing process and the user can determine the 
effects of installation and operating conditions; it is no longer neces¬ 
sary to guess as to the effects of many of these factors. 

When we turn to the authors' interpretation of some of their ob¬ 
servations, I am not able to agree with all that they have said. For 
cables of the 24-kv class, which form the basis for many of the com¬ 
ments, it seems to me that the ill effects of ionization and leakage 
path have been somewhat overemphasized. Care must be taken lest 
we allow ourselves to pay too much attention to correcting these 
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defects at the expense of other equally important details. Much 
progress has been made in improving the quality of insulation but the 
results, as measured by cable investment, are none too encouraging. 
One of the most important problems facing the cable engineer during 
the next few years is reducing costs. To me the only hope of ac¬ 
complishing this lies in finding ways and means for operating cables 
at higher temperatures and with a greater range of temperatures. 
The designer must not be unduly handicapped in his efforts to 
accomplish this end. 

C. J. Beaver (nonmember; W. T. Glover and Company, Ltd., Man¬ 
chester, England): It is agreed by the authors, and may therefore 
be postulated for the purpose of the following notes that 

(а) Ionization is practically the only inherent cause of failure in a reasonably 
well made dielectric. 

(б) Ionization conditions are developed in cable dielectrics by physical processes 
incident to the use or working of the cable. 

( c) The physical properties of the (solid type) dielectric are deficient for the 
purpose of preventing such development. 

It follows that under reasonable working conditions the electrical 
life of the dielectric is dependent on its physical properties, and con¬ 
sequently the main question arising from the paper is as to the rela¬ 
tive contribution of some lack of mechanical uniformity to the sum 
total of deficiency in physical properties. 

In a solid-type lead-sheathed dielectric subjected to cyclical 
temperature changes, it is evident that at any temperature below 
the maximum, gaseous spaces (voids) must exist in the dielectric. 
The electrical stressing at which ionization will commence in these 
spaces will vary roughly inversely as the space dimension in the di¬ 
rection of the electric field, for a given set of conditions such as gase¬ 
ous pressure, type of gas, and so forth. 

Thus it is obvious that in a radially stressed solid-type dielectric, 
the most vulnerable gaseous spaces (voids) will occur in the butt 
spaces between the edges of adjacent laps of paper, where the radial 
dimension of the space will be equal to that of the paper thickness. 

It is difficult to conceive a dielectric so poor in a mechanical sense 
that larger radial dimensioned spaces can exist between radially 


that the space dimensions never exceed a single paper thickness. 

In this connection special lapping machines (British Patent No. 
182,510) are used by a British firm in which the cable is revolved, 
while the papering heads carrying the paper strip spools are station¬ 
ary. The paper strips pass through slots in a sheet metal framework 
fixed to the machine, thus ensuring at all times that each paper strip 
is applied to the cable at a definite longitudinal position with respect 
to the adjacent papers. These arrangements also provide easy 
means of ensuring uniform tension of application of the paper strips. 

It may be mentioned that the strips are preimpregnated, so that 
no question arises as to “conditioning” of the paper, nor of shrinkage 
wrinkling or other deficiencies arising in the manner referred to in the 
paper. 

There is one other important point which should be watched in the 
manufacturing process and that is, that the mechanical structure of 
the cable dielectric should be such that the paper strips are not tom 
or cracked through during bending of the cable, so that large-radial- 
dimensioned gaseous spaces are avoided. 

In this connection it is very desirable to avoid a 50 per cent overlap 
owing to the tendency of the paper between two alternate butt spaces 
to be cracked, and to become torn in consequence. 

The authors do not appear to have considered this aspect, which 
in actual practice—from the installation point of view—is very im¬ 
portant. 

The authors* extreme optimism for future improvements and cost 
reduction in solid-type high-voltage cable is in direct conflict with 
present-day knowledge of the limitations of such dielectrics. 

No amount of control of mechanical uniformity of cable manufac¬ 
ture can alter the stark physical facts that in a lead-sheathed cable 
subjected to temperature cycles, voids or gaseous spaces equal in 
volume to the oil expansion mtist exist at the low temperatures, and 
that the most vulnerable spaces will form in the butt spaces where 
the radial thickness of void is at a maximum. 

The stress rating limitation of the modem solid-type cable di¬ 
electric depends upon the following factors: 

1. The radial thickness of the butt spaces in turn dependent upon the mini¬ 
mum thickness of paper which it is feasible to use. 

2. The maximum temperature to which the cable may be heated. 


adjacent papers. 

Hence it is clear that the stress at which ionization initiates de¬ 
pends on the butt space conditions, and it is this stress which con¬ 
trols the asymptotic or long-life voltage value of the dielectric. 

The importance of the length and condition of the leakage paths 
(zigzag and step) appears to have been highly overemphasized in the 

paper. .... 

The lengths of these paths and also the physical conditions exist¬ 
ing between radially adjacent paper surfaces, do not affect the asymp¬ 
totic or long-life voltage value of the dielectric, but merely influence 
the shape of the time-voltage curve above the asymptotic voltage 


value. , 

The Robinson theory confirms this as quoted by the authors on 
page 13: '‘Tracking along paper surfaces, which is now coming to 
be accepted as the mechanism of ionization failure, after a core has 

formed-” . i , 

After load cycle testing there will be a general slackness or lack ot 
mechanical pressure between papers in a radial direction, owing to 
the action of the radial flow of impregnating oil in a zigzag manner 
between the paper surfaces during the temperature changes. 

Although a wafer of such a cable before and after the load cycles 
shows this difference, the increase in ionization in the latter sample 
will occur chiefly in the voids in the butt spaces caused by the process 
of oil expansion and lead sheath distension in an initially well- 
impregnated dielectric. 

It has been proved by the writer in a very comprehensive senes of 
experiments during the development of the gas filled cable (Paper 
No, 204, “The Gas Tilled Cable,” C.I.G.R.E. Session 1937, Pans) 
that electric failure of a cable dielectric invariably occurs through, 
and initiates in a butt space, and is also dependent on the butt-space 

thickness. .. 

Under these conditions the most important dielectric feature 
which should be taken care of in the manufacturing processes is the 
avoidance of registrations between radially adjacent butt spaces, so 


The above two factors affect directly the intensity of ionization in 
the butt spaces and set the limit to the permissible stressing, and 
conversely the loading. 

A comparatively slight improvement in the homogeneity or uni¬ 
formity of a dielectric cannot cancel out the whole physical problem 
entailed by the lack of reversibility of expansion and contraction ef¬ 
fects, leading to ionization; and in face of the well-known necessity 
of restricting the temperature factor at even 60 kv it would appear 
quixotic to pursue working voltages up to 100 kv (as mentioned by 
the authors) with solid-type cable. 

The scientific (and commercial) solution of the problem lies in the 
direction of the abolition of ionization in the dielectric, for example, 
on the lines of the “gas filled** cable (referred to hereinbefore), hi 
which, without external compensating devices, and without restric¬ 
tion of loading temperature, ionization is completely suppressed to 
any designed extent, for instance, up to twice working voltage. 

The authors* desiderata regarding reduction of insulation thickness 
and increased duct loading should be much more easily attainable 
along this line of development in which all constructional factors are 
capable of being definitely designed, and behavior in use is auto¬ 
matically controlled by reason of the reversible physical properties 
of the dielectric, preventing any permanent change (leading to 

ionization) under any working condition of the cable. 


C. H. John (nonmember; Merz and McLellan, Newcastle-on-Tyne, 
England): The description of methods used to investigate the 
mechanical construction of paper-insulated cables are very interest¬ 
ing. The three mechanical methods, “penetrometer,** “push-out,** 

and “torsion** are somewhat crude, in particular, the push-out 
method where the force required, besides varying with the tightness 
of the paper, will also depend on the roughness of the paper surface 
and the consistency of the impregnating compound. The torsion 
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method seems to be useful but it would be an advantage if an illus¬ 
tration could be given of the instrument used. 

The wafer method is, I think, the best but it would appear neces¬ 
sary for this test to be carried out by skilled operators in a laboratory 
and under these conditions it should prove one of the most useful 
tests devised up to the present time. I think that the test will 
prove of most value to manufacturers as they will have the necessary 
facilities for making the tests, from the results of which they will be 
able to determine the effects of different methods of manufacture. 

I gather from the paper that the author is in favor of the insulating 
space of the cable containing as large a proportion of paper to oil as is 
possible consistent with the cable being able to pass a reasonable 
bending test. I am in agreement with this for normal type of cable 
as it must assist in avoiding trouble due to compound exp ans ion. 

This requirement is not so important in other types of cable, for 
instance oil-filled cable is so designed that any gaps between papers 
will always be filled with oil and will, therefore, be harmless but 
even with this type of cable the smaller the amount of oil in the in¬ 
sulation, the smaller the oil reservoir capacity required to allow for 
oil expansion. 

The gas pressure cable is in a different category as in some designs 
definite gaps are left between papers to allow free access of the gas 
under pressure to all parts of the insulation. 

The author states that it should be possible to so improve the di¬ 
electric of the solid cable that it would be suitable for use at 100 kv or 
over. 

I should like fo know whether the author would recommend using 
solid cable at the same maximum dielectric stresses and temperature 
as is now used for oil-filled and gas pressure cable. 

It appears to me that however well the cable is manufactured, 
some disturbance of the insulation will take place due to reeling 
and unreeling the cable on drums and handling the cable during 
installation. The spaces caused by these disturbances will remain in 
the solid-type cable whereas such spaces in the oil-filled cable and the 
gas pressure cable would be filled with oil or gas under pressure re¬ 
spectively and would thus be harmless. It would therefore appear 
that theoretically the oil-filled and gas pressure cables will be better 
than the solid type. 

The illustrations accompanying the paper are interesting and 
show that delta-shaped-conductor three-core cable cannot be so 
satisfactorily insulated as a cable with circular conductors. The 
cable illustrated in figure 6 is so bad that it is hard to believe that 
any reputable cable manufacturer would turn out such a cable. 

There is a point of minor interest I should like to raise with regard 
to figure 12. The conductor of this cable consists of part normal- 
size wires, together with a number of smaller sized wires in groups of 

three. Was there any particular reason for this method of construc¬ 
tion? 


Martin Hochstadter (Brussels, Belgium): My interest in the de¬ 
velopment published in this paper has been great for two reasons: 

Firstly, because this is real pioneer work opening a new field of 
insight into questions of outstanding practical importance in elec¬ 
trical cable engineering, a field which curiously enough, frigs been 
more or less entirely neglected hitherto. Not only do I see great 
ment in the very discovery of such a new field and its courageous and 
successful attack, but also do I believe this to be of a refreshing effect 
on the minds of our younger generation of cable engineers. Seeing 
every day nothing but work on details of problems which have al¬ 
ready been principally dealt with by others, they might be led to the 
conclusion that no exploration field was left to them. This paper 
gives evidence of white patches on the map of our technical knowl- 


Secondly, the author’s problem has been occupying me during 1 
greater part of the last ten years. Research on pressure cable v 
earned out at first with internal pressure, namely, with cables 
such construction that the pressure medium was acting in or near t 
conductor. ^However, the pressure effect on the dielectric was fou 
tobe of rather an imperfect and unreliable nature in all such cas 
After^mud 1 research and speculation into the causes of such urn 
pected behavior it was recognized that the propagation of the pr. 


sure through the dielectric, while being rather complete and instan¬ 
taneous when external pressure compresses the dielectric, is poor and 
uncertain when the dielectric expands under the influence of internal 
pressure. 

Pressure in such a semisolid body is propagated from layer to layer. 
In the case of internal pressure this propagation consists in the elastic 
stretching of each individual layer. Therefore, it can only take place 
there where layers touch each other and are under about the same 
mechanical stress neutrally, that is, before the application of pres¬ 
sure. It is, therefore, evident that a uniform propagation of internal 
pressure is contingent upon uniformity of the mechanical structure of 
the dielectric and that the internal pressure may be stopped totally 
or partly at any point in the dielectric where tightly wound papers 
are followed by loose ones. 

While at the time of which I speak the relation between propaga¬ 
tion of internal pressure and mechanical uniformity of the dielectric 
was made evident, no exact measurements of the latter could be 
taken and it was not possible to overcome the difficulties for using 
internal pressure. Therefore, external pressure has been used hith¬ 
erto for the pressure cable. However, the author’s methods for the 
demonstration and exact measuring of the mechanical uniformity of 
the dielectric may well lead to such an improvement of the manu¬ 
facturing methods that a sufficient and controllable mechanical uni¬ 
formity of the dielectric be obtained for the use of internal pressure 
in pressure cables. 

This is one of the practical possibilities which the author’s methods 
may open in a particular field of cable making besides others for the 
improvement of electric cables in general. 


Hugo Sonnenfeld (nonmember; Bratislava, Czechoslovakia): 
The present paper completes the impression experts have obtained 
by its predecessors. The wafer method is certainly contributing to 
the possibility to have a reliable look into the working of the. cable, 
especially the insulation and the lead sheath. 

Even though there are only a few pictures published in the present 
paper they are sufficient for showing the way to improve cable de¬ 
sign. Compound migration being, as is well known, a very impor¬ 
tant factor, it is evident that the first step for making cable service 
more reliable than it is now, consists in reducing filler space as far as 
possible. The general practice to use sector-shaped conductors can¬ 
not be considered as the best way. This appears to be quite clear 
if thorough consideration is given to the wafers shown in the present 
paper.. Filler spaces are at the minimum in the case only that the 
theoretically exact sector shape is used, such as illustrated in figure 4 of 
the present paper. The photograph of this wafer, however, makes it 
evident that the insulation is rather a nonuniform one, and this par¬ 
ticularly due to the shape of the conductor. Not only is the conduc¬ 
tor, on two sides, flat so that its surface does not follow the natural 
bulge of the paper but the unequal electrical stress on the shoulders 
on one side and on the sector back on the other as well as on the flat 
parts on third side, is in no case able to fulfill requirements of high- 
voltage cables. For these various reasons the theoretical exact sec¬ 
tor shape (see figure 4) is not advisable for high-voltage purposes. 
In the paper the expression "extreme sector’’ is used for such a shape 
of conductor, see page 148. We should not forget that this shape of 
sector is the only one which brings the filler spaces to their minimum. 
M If ' h °wever, the sector shape deviates from the theoretical exact 
extreme sector” form, we come to designs such as is illustrated in 
figure 5. Here the gross irregularities, discovered in figure 4, are 
absent, the shoulders of the conductor being less sharp and the con¬ 
ductor more able to conform to the natural bulge in the paper. But 
all this is accompanied by the serious disadvantage of filler spaces 
evidently becoming larger. For this latter reason such cable does not 
represent the best possible design. 

A round conductor offers little difficulty. It is to be expected that 
all disadvantages illustrated by figure 4 will not be present if the 
same machines and the same manufacturing method are applied 
but with a round or oval-shaped conductor. No doubt, the circular 
or oval shape is in any respect the best form of the conductor. If 
small fillers are used, resulting in a triangular shape of the lead 
sheath (so-called S.O. type cable) the reduction of the possibility 
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of compound migration improves the properties of the cable and the 
cost of the cable containing circular (or oval) conductors is brought 
down to the cost of the cable containing sector-shaped conductors. 

Thus the application of round (or oval) conductors together with 
the application of the triangular shape of the lead sheath makes 
available the following advantages of the cable: 

The volume of oil compound causing expansion is reduced. 


(?) Conditions conducive to ionization are present in much cable as manu¬ 
factured and may be aggravated due to service or to improper handling during 
installation. (Initial voids, even though they be filled with oil and thus do not 
cause high initial ionization, are considered to be conducive to ionization.) 

(d) The development, during service, of conditions conducive to ionization 
may be minimized by proper design and manufacture. 

(e) The inevitable presence of butt spaces at the conductor and other inherent 
weaknesses in the insulation of solid-type cable are not arguments against the 
elimination of other defects since many of the latter add to the basic inherent 
weaknesses to further decrease the over-all insulation efficiency. 


The radial resistance to oil flow is brought down to a minimum. 

The thermal resistance is equally brought down to a minimum. 

The facility to wrap paper with exact regularity upon the conductor is in¬ 
creased. 

No pretwisting is necessary. 

K. S. Wyatt, D. L. Smart, and J. M. Reynar: The authors are 
grateful for the favorable reception accorded the methods proposed 
for studying the mechanical uniformity of paper-insulated cable. 
It appears, however, that although the tools themselves have been 
accepted almost without qualification, the interpretations which were 
made in terms of design, manufacture, and service life have furnished 
many points of controversy. The primary purpose of the paper was 
to offer new test methods for obtaining data which might be of as¬ 
sistance in studying the relative merits of different types of construc¬ 
tion and in determining the causes of insulation failure. Since the 
value of the wafer method depends, as in the case of X-ray photog¬ 
raphy, on correct interpretation, it appeared advisable to present 
tentative interpretations of cable wafers as samples of what to look 
for in the wafers and of how irregularities might be traced to original 
sources. A certain amount of theory was necessarily involved in 
these interpretations. Space limitations necessitated a rather cursory 
treatment of this phase of the paper with the result that many un¬ 
intended inferences were drawn by readers. In addition, it was only 
to be expected that, in view of the relative newness and limited use 
of the method, the interpretations would be questioned as were 
those of X-ray photographs in the early days of their use. Further¬ 
more, the necessary omission of a large number of illustrations repre¬ 
senting reasonably good cable wafers undoubtedly caused an er¬ 
roneous impression in some minds regarding our estimate of the 
quality of the average modem cable. 

Several discussers point to the apparent futility of producing 
mechanically perfect insulation in view of the amount of relatively 
rough handling the cable undergoes during installation. The authors 
direct attention to the fact that the wafer method now enables us 
to evaluate the effects of such treatment. Time has permitted only 
meager investigation of this phase of the problem but, for what they 
may be worth, the results obtained do not indicate any serious 
damage to be sustained by a mechanically well-built cable when in¬ 
stalled by modern methods. 

If it appears, as stated by several discussers, that the paper over¬ 
emphasized the effects of ionization and attached too much impor¬ 
tance to the length and condition of the leakage paths, it is be¬ 
cause the facts revealed by a careful study of scores of cable 
wafers lead, first, to a critical inspection of previously held theories 
of the mechanism of cable failure and, finally, to a tentative revision 
of these theories to better fit the observed conditions. Among 
these conditions were three which were frequently observed and 
which experimental evidence and theoretical considerations indi¬ 
cate have an important bearing on insulation breakdown. Two of 
these conditions involve butt-space distribution as it affects ef¬ 
fective solid insulation thickness and minimum leakage path, and 
the third involves thick interlayer spaces caused by loosely wound 
insulation. An explanation of the part played by these factors in 
insulation failures would entail much theoretical discussion and would 
perhaps, be out of place here. The discussion by Professor Dawes, 
however, may serve to partially explain the phenomena responsible. 
The following briefly summarizes the conclusions of the authors as 
a result of their initial investigations: 


(a) Ionization is held to be the chief cause of inherent insulation failure. 



insulation wall. 


(/) As the quality of the cable insulation is made more uniform due to pre¬ 
cision methods of manufacture, the thickness of the insulation may be reduced 
because it is no longer necessary to provide a factor of safety to take care of 
avoidable but uncontrolled weaknesses. 

It is seen that we do not agree in toto with Mr. Beaver’s postu¬ 
lates (b) and (c). 

The eliminat ion of registrations and also of interlayer gaps is 
bound up with the taping machinery. We are in agreement with 
Mr. Beaver as to the advantages of certain types of “lapping ma¬ 
chinery,” but we must point out that they possess several apparently 
inherent disadvantages, among which is slowness of taping. If 
the paper is impregnated prior to taping, the trapping of gas be¬ 
tween adjacent layers of insulation is an additional disadvantage. 
The design of taping machinery plays a most important part in the 
quality of cable insulation and the wafer method permits a visual 
study of the effects of the various design factors. For best results 
it is the belief of the authors that taping machines should have the 
following characteristics: 

1. Direct drive throughout with as few gears as possible, since these introduce 
backlash. 

2. Slow, smooth, but positive starting, without slippage, and brakes which 
stop the machine smoothly but reasonably quickly. 

3. Direct synchronization between capstan and taping heads to eliminate the 
possibility of backlash or slippage. 

4. A tape tension control in which centrifugal effects are absent and in which 
the tension of the tapes is independent of the amount of tape on the pad. 

This is a subject deserving of much space. Suffice it to say here 
that hydraulic drive and synchronization appear to the authors to 
offer the best solution of the problem of precision taping at reason¬ 
able cost. 

Mr. Del Mar and Doctor Wiseman infer that a uniform tape ten¬ 
sion from conductor to sheath was recommended. Such an infer¬ 
ence was not intended and may have been due to the fact that the 
torsion curve shown for uniform insulation was fairly level from con¬ 
ductor to sheath. The only relatively uniform cable which we had 
examined by means of the torsion test at the tune the paper was 
written did not have the drooping characteristic from conductor to 
sheath which we believe to be desirable from the standpoint of 
ability to withstand bending without distortion. The same discus¬ 
sers also question the desirability of a high tape tension with a 
corresponding thin oil film between tapes. We believe, and support 
is given to this viewpoint by the discussions of Mr. Hochstadter and 
Mr. Jolin, that this film should be as thin as is consistent with good 
bending characteristics for a number of reasons. First, less oil is 
present and void formation is less likely to occur as a result of dif¬ 
ferential thermal expansion. Obviously tracking in service would 
be expected to be retarded or possibly eliminated. Second, the 
thinner the oil film, with other things equal, the less the comet's 
tail effect produced during cabling. Third, a very thin oil film which 
will permit successive paper layers to come into practically direct 
contact permits capillary effects to work to greatest advantage to 
distribute oil during impregnation, to prevent imigration and drain¬ 
age during operation, and to return oil to the interior of the struc¬ 
ture as the cable cools. 

Several discussers have wrongly inferred that the study of cable 
wafers has led us to recommend a 50-50 overlay. The fact that 
with such an overlay the effective solid insulation thickness is only 
50 per cent, coupled with the observation that due to the superposi¬ 
tion of alternate butt-spaces the paper between has a tendency to 
tear when the cable is bent, would not- permit such a recommenda¬ 
tion. No attempt has been made by the authors to evaluate the 
relative importance of effective solid insulation thickness and 
minimum leakage path as factors in insulation failure for the purpose 
of selecting the best overlay. For this reason the report of the study 
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tangential path to the same layer, and failure would occur by alter¬ 
nate ruptures of a tape and tracking to a point opposite the nearest 
butt space in the next layer. The effective insulation thickness 
would then consist of 110 mils of paper plus, 1,302 mils of leakage 
path which would total 136 mils equivalent insulation thickness. 
This is less than the figures in either column 5 or 7 for this overlay. 
Similar calculations for Vra-inch and ®/«rinch overlays, when com¬ 
bined with the changes in column 7 mentioned previously, result in 
the modified curve shown in figure 2. This curve is markedly dif¬ 
ferent from that shown in Mr. Del Mar's figure 1 and, incidentally, 
appears to fit the results of his voltage-time tests more closely, al¬ 


though we cannot agree with Mr. Del Mar’s and Mr. Beaver’s use 
of the results of voltage-time tests as an indication of the behavior 
of cable in service. 

Mr. Jolin points out that difficulties are encountered in insulating 
sector-type cable and Mr. Sonnenfeld discusses the effect of the 
conductor shape on the ease with which a uniform insulation may 
be obtained, and on the filler-space volume. These are questions 
which the wafer method of examination should be of .Wstimq h i ,. 
value in answering. 

We agree with the discussers that much can and should be done to 
simplify the making of wafers. In his oral discussion, Mr. Meyer¬ 
hof! described one method of simplifying the preparation of wafers 
from the styrenated cable sample. In this method, very ttiln wafers 
were cut with a band saw without finishing the faces on a la the 
The opacity of the sawn faces was eliminated by coating the wafer 
with a thin cable oil and mounting it between flat glass plates, care 
being taken not to wipe off all the surplus oil from the wafer. The 
development of a type of styrene or other material having a lower 
polymerization temperature and a shorter setting time would prove 
to be an important step. It is also suggested that the time of ex¬ 
traction might be shortened by permitting the styrene to trickle 
through the insulation continuously rather than to wash out the oil 
by the cyclic bath method described in the paper. 

The apparatus originally used for making the penetrometer and 
torsion tests was admittedly crude. Since the paper was presented, 
however, the instruments have been considerably refined and com¬ 
bined into a single instrument which will be marketed by a well- 
known scientific instrument manufacturer. An article on the use 
of the compactness tester is being prepared, and it is expected that 
it will be published shortly in the technical literature. 

In answer to Mr. Jolin, the authors are unable to give a reason 
for the design of the conductor shown in figure 12 of the paper. 
This cable was manufactured over eight years ago. It is believed 
that there was no intention of using the space between the strands 
as an oil duct and it is apparent that oil expansion would be more 
severe because of the large oil volume. 

Mr. Dwight’s question will have to be answered by others. So 
far as the authors know, such an application of the wafer method has 
not been made. The method has been used to advantage on trunk 
telephone cables in several countries. We believe it has a useful 
application in the study of many laminated dielectrics where uni¬ 
formity of structure is of importance. 

Our acknowledgment unintentionally omitted a word of appre¬ 
ciation for the support we received from engineers of other utilities. 
Possibly without this encouragement, this research could not have 
been carried to successful fruition. 
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System Planning and Operation (or 
Voltage Control 


By T. J. BROSNAN 

MEMBER AIEE 


T HE two criteria of the performance of 
any system for the delivery of electric 
energy are, first, its dependability as 
measured by continuity of service, and 
second, the quality of the service as 
measured primarily by the ability of the 
system to keep the deviations from nor¬ 
mal voltage within acceptable limits. 
The purpose of this paper is to consider 
the influence of the second of these two 
factors, namely voltage regulation, on 
the design and operation of the system. 

The permissible limits of voltage regu¬ 
lation vary for different types of load. 
It is generally regarded as good practice 
to keep the voltage at the service switches 
of residential and commercial customers 
in an urban area within three per cent 
above or below the normal level. For 
the same type of customers in rural areas, 
it is economically impractical to limit 
the deviations to less than five per cent 
above or below normal voltage. Indus¬ 
trial customers in general do not require 
such close regulation. 

. The following sections of this paper 
will review the influence of these limita¬ 
tions on the design and operation of the 
various parts of the system. 

General System 

In a typical modern distribution sys¬ 
tem the same subtransmission circuits 
serve different types of substations as 
well as transformer vaults in the low- 
voltage network system. 1 Provision is 
made for control of the voltage at the bus 
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of the generating or terminal station but 
the difference in time characteristics of 
the various loads and the different elec¬ 
trical characteristics of the distribution 
systems make it essential to supplement 
this basic regulation with other methods 
of voltage control. 

The generating-station bus voltage is 
regulated to meet the requirements of 
the load supplied through the low-volt¬ 
age network system and provision is 
made for independent voltage control at 
the substations supplying residential, 
small commercial, and small industrial 
loads. Generally the large industrial 
loads do not require such dose voltage 
regulation and it is unnecessary to add 
supplementary voltage control in the 
substations supplying such loads. 

Substations 

Automatic substation equipment has 
made it economically possible to use 
smaller substations which can be located 
relatively close together and near large 
concentrated loads. 2 The dose spacing 
of substations results in short distribu¬ 
tion feeders which in turn permit auto¬ 
matic regulation of the substation bus 
voltage rather than independent regula¬ 
tion of the voltage of each feeder. 

In regulating the voltage of the sub¬ 
station bus, it is desirable to introduce a 
“rising characteristic” with increasing 
load in order to offset the increasing volt¬ 
age drop in the distribution system be¬ 
yond the substation. The “line drop 
compensator” which has been used for 
years for this purpose with individual 
feeder regulators can still be used with 
the equipment for bus regulation. The 
setting of “line drop compensators” even 
for individual feeder regulation involves a 
compromise between the customers clos¬ 
est electrically to the substation and 
those farthest removed electrically. With 
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short feeders and bus regulation the 
problem is no more difficult. The “line 
drop compensators” are adjusted to give 
the best average regulation for all of the 
customers on one small substation in¬ 
stead of one long feeder. The one satis¬ 
factory method of keeping the “line drop 
compensators” properly adjusted in either 
case is by periodic checking of service 
voltages of customers close to and remote 
from the substation during the heavy 
load periods. 

The actual line-to-neutral voltages on 
the busses of the small automatic sub¬ 
stations in Buffalo range from 2,420 at 
periods of very light load to 2,500 at the 
time of heavy load. In terms of service 
voltage this is a range of 121 volts to 125 
volts. 

Distribution Feeders 

There may be a few feeders where the 
voltage along the entire length of the 
feeder cannot be kept within the desired 
limits by means of regulation of the sub¬ 
station bus voltage. For such cases 
there are several types of feeder-voltage 
regulating equipment available for pole- 
top mounting. These can be inserted 
in any part of the feeder where they will 
be of greatest value in supplementing bus 
regulation. 

It is evident from the foregoing that it 
is important to keep the voltage drop in 
all feeders supplied from one substation 
within a limited range. The total drop 
in voltage along a feeder is a function of 
its length, the magnitude and distribu¬ 
tion of its load, its voltage rating, and the 
size and spacing of the conductors making 
up the feeder. The proper balance of 
these factors varies for different load 
areas. The following combination has 
been found satisfactory for the urban 
Buffalo area. 

(a) All feeders are rated 4,100 volts, three 
phase, four wire. This system has the 
advantage of a voltage rating that is satis¬ 
factorily high for urban conditions and yet 
requires only 2,400-volt distribution trans¬ 
formers and incidental -equipment. It hais 
its main application in turban areas where 
all main portions of the feeders are three 
phase and all single-phase branches are 
short. 

(b) The main "trunk” portion of every 
feeder is made up of 4/0 conductors. This 
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uniformity in conductor size facilitates re¬ 
arrangement of feeders and simplifies the 
transferring of load from one feeder to 
another under emergency conditions. 

(c) The load on each feeder is adjusted 
according to the length of the feeder so as 
to make the load multiplied by the distance 
to the load center as near a constant as 
possible for all the feeders out of one sub¬ 
station. Under the conditions prevailing 
in the Buffalo area, the maximum normal 
feeder loads vary from 800 kva to 1,200 kva. 

For suburban and rural areas the 
4,800-volt three-phase tliree-wire delta- 
connected feeders are more satisfactory 
than the 4,100-volt star-connected feeders 
because the single-phase branches form 
such a large part of rural feeders and it is 
very desirable to have the higher phase- 
to-phase voltage for these long branches. 

Load balance between phases is very 
important on all three-phase feeders but 
particularly on three-phase four-wire 
star-connected feeders. This load bal¬ 
ance should be maintained along the 
feeder as well as at the substations. The 
following system has been established 
for the control of this load balance in the 
Buffalo district 

A single-line diagram for each feeder 
indicates the phase to which each dis¬ 
tribution transformer is connected and 
there is marked on this diagram the 
theoretical load balance at key points 
along the feeder. Whenever a new dis¬ 
tribution transformer is added, the feeder 
diagram is used to decide the phase to 
which the new transformer will be con¬ 
nected. In this way all routine work 
tends to improve feeder balance. The 
theoretical over-all load balance of a 
feeder as taken from the diagram is 
checked periodically by the readings of 
the maximum-demand meters on each 
phase of each feeder at the substation. 

Transformers, 

Secondaries, and Services 

Apy condition in a primary feeder re¬ 
sulting in poor voltage is serious because 
of the number of customers involved. 
However, as a result of the care that is 
taken in the design and operation of dis¬ 
tribution feeders in a modem system, 
they are seldom the cause of poor volt¬ 
age. The portion of the system that 
provides the real problem in voltage con¬ 
trol is that made up of the distribution 
transformers, secondaries, and services 
because the voltage drops in these parts 
of the system are generally greater than 
in the short primaty feeders in a modem 
distribution system. 

There are so many distribution trans¬ 
formers, secondaries, and services in a 
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distribution system that it is apparent 
each of these units cannot be given con¬ 
tinuous individual attention. Yet, since 
any one unit when improperly designed, 
applied, or maintained may be the cause 
of poor voltage, it is evident that a careful 
set of standard designs and system of 
routine attention must be established to 
insure proper voltage control. 

The importance of transformers, sec¬ 
ondaries, and services in the voltage prob- 


Table I. Number of Justifiable Complaints by 
Cause During 1937 



Number 

Per 


of 

Cent 

Portion of System 

Com- 

of 

Responsible for Poor Voltage 

plaints 

Total 

Primary feeders.... 

...10... 

. 12.3 

Transformers and secondaries. 

...27... 

. 33.4 

Services and customer wiring. 

Utilization equipment (oil burners, 

. ..30... 

. 37.0 

blower motors, flashing signs, 
etc.).. 

...14... 

. 17.3 

Total. 

.. .81_ 

.100 




lem is further emphasized by a considera¬ 
tion of voltage complaints in the Buffalo 
district during 1937. Table I shows the 
number of cases of unsatisfactory voltage 
caused by each part of the distribution 
system. 

The first important step to be taken in 
guarding against voltage troubles in the 
secondary portion of the distribution 
system is to prepare standard trans¬ 
former-secondary designs for all condi¬ 
tions usually encountered in the field. 
Such standards must be based not only 
on proper voltage control but also on con¬ 
siderations of economy, ease of change 
when necessitated by load growth, and 
similar factors. 

Such a set of standards prepared for the 
Buffalo district calls for number 2 wire 
for about 90 per cent of the secondaries. 
This means that growth of load in the 
great majority of cases can be accom¬ 
modated by changing the size or spacing 
of transformers with no change of second¬ 
ary wire. These standards are all based 
on keeping the voltage drop in the second¬ 
ary within 1.5 per cent with full load on 
the transformer. 

It is equally important to prepare 
standards for new service entrances to be 
installed by customers and corresponding 
service drops to be installed by the power 
company. This should include guides 
for the replacement of existing services 
when necessitated by load increases. 

Much could be said about various 
methods for keeping continuous records 
for load so as to know when to change 
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transformers. It is mentioned here be¬ 
cause whatever system is adopted for 
field checking transformer loads should 
also check load balance on the three wire 
secondaries which is a very important 
factor in proper voltage control. 

Utilization Equipment 

Two characteristics of the new load 
being added to distribution systems to¬ 
day are disturbing to those engineers re¬ 
sponsible for proper regulation of service 
voltages. The first is the low-power- 
factor characteristic of a large portion of 
the load that is being added. The sec¬ 
ond is the tendency of many of the new 
utilization devices to introduce sudden 
load changes which, if of sufficient magni¬ 
tude and of frequent enough occurrence, 
may result in objectionable flicker. These 
statements refer particularly to auto¬ 
matic house-heating equipment, air-con¬ 
ditioning equipment, refrigerators, small 
arc welders, and similar types of ap¬ 
paratus. 

It is becoming increasingly important, 
as more of this equipment is being added 
to the systems, that the electrical manu¬ 
facturers, electrical contractors, and elec¬ 
tric power companies co-operate to in¬ 
sure the proper operation of this equip¬ 
ment without interference with other 
loads and at the lowest over-all cost to 
the industry. 

One of the most important steps in 
such a co-operative program should be 
the introduction by all electric powder 
companies of reasonable motor-starting- 
current limitations based on the true 
capacity of the distribution systems to 
accommodate such starting currents 
without serious voltage disturbance in 
place of limitations based on the size of 
the motor.* 

Conclusion 

While voltage regulation is the most 
important criterion of the quality of the 
service rendered by ail electric delivery 
system, very few customers purchasing 
electric service have any means for meas¬ 
uring this quality other than by compari¬ 
son of present with past performance of 
their utilization equipment. If their 
lamps seem to bum out at a faster rate 
than normal, they conclude that the 
voltage is too high. If the lamps burn 
with less brilliance than normal or the 
elements of the range heat at less than 
normal rate, they conclude that the 
voltage is too low. This introduces an 
important psychological factor. For ex¬ 
ample, an analysis of the voltage com- 
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Regenerative Tension Control for 
Paper Winders 


By H. W. ROGERS 

ASSOCIATE AIEE 


T HE WINDER is one of the more im¬ 
portant machines in the paper in¬ 
dustry. In general, every paper machine 
has a winder intimately associated with 
it and there are many others used in the 
finishing room. 

It is not strictly a part of the paper 
machine, but is very closely allied to it 
since its function is to take the reel of 
paper from the paper machine, trim it, 
slit it to the proper width, and rewind it 
into smooth, even density rolls of the 
proper size for shipment; and since it 
starts and stops frequently to change 
rolls or make splices, it must operate at 
speeds greatly in excess of the paper- 
machine speed to keep up with produc¬ 
tion. 

The Winder 

It consists essentially of an unwinding 
stand on which the roll of paper to be re¬ 
wound is mounted, several free-running 
steel rolls over which the paper passes, 
a slitter, a spreader bar, and a pair of 
winding drums on which the roll of re¬ 
wound paper rides. See figure 1. 

Power is applied to the winding drums, 
which in many instances have been either 
geared or belted together in such a man¬ 
ner that the leading roll travels slightly 
faster than the trailing roll. The object 


of this method of drive is to wind a uni¬ 
formly tight roll of proper density. 

More recently there has been a definite 
trend toward using a separate motor on 
each winding roll, with provision for ad¬ 
justing the relative load on each motor, 
thus insuring the proper winding con¬ 
ditions at all times for any kind of paper. 

To operate successfully, and wind 
smooth even density rolls, there must be 
tension in the sheet of paper. The ob¬ 
ject of the tension and the spreader bar 
is two-fold: first, to remove all wrinkles 
from the sheet, and second, to wind a 
tight roll of even density. Heretofore, 
tension has been obtained by means of a 
manually adjusted band brake on the 
unwinding roll stand, and while it is 
possible to automatically control the 
brake, it is difficult to hold constant ten¬ 
sion with such a device since the unwind¬ 
ing roll may vary in diameter as much as 
five to one during the operation. In a 
large majority of cases, this band brake 
is manually operated and in such in¬ 
stances it is impossible to hold anything 
that approaches constant tension, since 
the operator has no real indication of the 
tension in the sheet. 

Devices of this type are, of course, in 
operation, and will continue on the 
smaller machines, possibly on the larger 
machines winding light-weight papers, 


plaints received from customers in the 
Buffalo district during 1937 shows that 
only 3.5 per cent of the high voltage com¬ 
plaints were justified whereas 80 per cent 
of the low voltage and flickering voltage 
complaints were justified. 

There has been a very interesting, ex¬ 
ample in the Buffalo district of the effect 
that major system changes can have on 
the psychological factor. During the 
years 1930 and 1931, the supply to all of 
the residential load and most of the com¬ 
mercial load in the Buffalo district was 
changed from 25 cycles to 60 cycles. A 
complete new distribution system was 
installed and the normal service voltage 
was raised from 115 to 120 volts as a part 
of the same operation. The number of 
voltage complaints rose steadily during 
this major change reaching a peak during 


the year 1932 at about double the number 
recorded in any year prior to the start of 
the change. There has been an appreci¬ 
able decrease each year since 1932 so that 
the total number of complaints during 
1937 was only one-quarter of the 1932 
peak. The interesting feature is that 
during this entire period there has been 
very little change in the annual number 
of complaints found to be justified. 
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but the trend toward wider, high-speed 
machines and heavier papers has so in¬ 
creased the power involved that the dis¬ 
sipation of heat in a mechanical brake is 
a real problem and the maintenance may 
become a major item of expense. 

Characteristics of Paper 

The situation may be more readily ap¬ 
preciated if we go back to fundamentals 



Figure 1. Diagram of a paper winder 



Figure 2. Characteristic stretch curve for 
uncalendered kraft paper 


and discover some of the characteristics 
of paper. Figure 2 shows the relation 
between per cent stretch and pounds pull 
per inch width in per cent of ream weight, 
(500 sheets, 24 by 36 inches) for un¬ 
calendered kraft paper, and while this 
curve may vary for other grades of paper, 
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it is undoubtedly characteristic of all 
grades of paper. It is based on some 18 
samples varying in weight from 25 pounds 
to 70 pounds. A few samples ruptured 
at 1.8 per cent stretch, none ruptured at 
less than 1.0 per cent stretch and the 


260. 
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Figure 3. Power consumed by a mechanical 
brake on a 200-inch winder 


average rupture was at 1.4 per cent 
stretch. 

Sheet Tension 

Experience seems to indicate that a 
tension of approximately 4.0 per cent of 
the ream weight per inch width of sheet 
is sufficient to wind properly a roll of 
paper. This corresponds to a stretch of 
approximately 0.02 per cent, well within 
the rupture point, and up to the present 
time seems to have met all operating re¬ 
quirements. 

Losses Due to Tension 

This tension, expressed in pounds pull 
per inch width of sheet may not appear 
imposing, but when combined with a 
wide sheet and high speed, it presents a 
materially different picture. Figure 3 
shows the power consumed by a mechani¬ 
cal brake in maintaining proper sheet 
tension on a 200-inch-width winder when 
operating at various speeds with different 
weights of paper. It also approximates 
the amount of power returned to the line 
on a regenerative electric tension-control 
system. 
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Figure 4. Corresponding diameters of wind¬ 
ing and unwinding rolls for paper winders 


Regenerative Tension Control 

The idea of regenerative tension con¬ 
trol is not new, but the enormous ex¬ 
pansion of the paper industry, the build¬ 
ing of many new kraft mills in the South 
and the more general use of this kind of 
paper for containers and innumerable 
other uses has fostered many changes and 
developments in this type of equipment 
to meet the more exacting conditions of 
operation. 

Operating Requirements 

The operation of a winder requires a 
smooth, easy start, continuous slow speed 
while paper is being threaded through 
the machine and for making splices, 
smooth acceleration from standstill to 
maximum speed, rapid smooth decelera¬ 
tion, and at times, a quick stop. 

With the mechanical tension control 
the operator must rotate the unwinding 
roll by hand during the threading opera¬ 
tion. This is not objectionable on the 


smaller machines, but the trend toward 
wider machines and much larger diam¬ 
eter paper rolls places a burden on the 
operator as some of these rolls weigh 
six or seven tons. Provision should 
therefore be made to turn these rolls 
over by power during the threading 
operation. 

Furthermore, these heavy rolls of 
paper have an enormous amount of 
energy when the winder is running at 



Figure 5. WR 2 of winder reduced to equiva¬ 
lent weight at the periphery 


full speed, and provision for quick stop¬ 
ping is essential. 

The Modem Winder Drive 

One of the modem high-speed winder 
drives is of the Ward Leonard type with 
two compound-wound d-c driving mo¬ 
tors, a d-c tension generator, a motor 
generator with booster unit and exciter, 
the necessary control and a current regu¬ 
lator. The control of the winder speed 


Tabic I. Acceleration Data for a 228-Inch 3,000-Foot-Per-Minute Winder 


Diameter of 
Unwinding Roll 
(Inches) 


Total Machine 


Equivalent 

Weight Force to 
(Pounds)* Accelerate 


Horsepower 
Torque to 
Accelerate 
One RoU 


Unwinding Roll 


Equivalent Horsepower 

Weight Force to Torque to 

(Pounds) Accelerate Accelerate 


65. 

60 

55 .... 

.28,875.... 

....... 28,800_ 

....2,245... 
....2,240... 
_2,235... 

....204 ... 
....203.5... 
....203 .. 

.8,500.... 

7 375 

...768.... 

...641.... 

672 

....69 

....58.2 

52 

50 

.28,750.... 

....2,235... 

....203 ... 

....6,250..., 

...486.... 

‘ ‘! . 44.2 

45 

.28,750. 

....2,235... 

....203 ... 

.5,300.... 

...412.... 

... .37.5 

40 

.28,750.... 

-2,235... 

....203 ... 


...350.,.. 

.,,.31.8 

35 . 


....2,235... 



. ..295.... 

... .26.8 

30 . 


_2,245... 

....204 .... 

.3,375.... 

...262... 

....23.8 

25 . 

..29,250.... 

....2,270... 

_206.5... 

.3,125.... 

..,243.... 

... .22.1 

20 . 

....29,750.... 

....2,310... 

....210 .... 

.3,126.... 

...243.... 

....22.1 

13.875. 

...31,250.... 

....2,430... 

....221 .... 

-4,125.... 

...321.... 

....29.1 


* Winding one large roll of paper from one 65-inch roll. 
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Figure 6. Power curves for selecting equip¬ 
ment capacity 


is entirely by generator-field adjustment, 
and there is means of adjusting the load 
distribution between the two driving 
motors to insure a tightly wound roll 
with any grade of papa:. 

The Tension Generator 

The braking generator is very similar 
to the adjustable-speed d-c motor with a 
speed range by field control of four or 
five to one depending on the maximum 


and minimum diameter of the unwinding 
roll. The four-to-one range is, however, 
less expensive and should be adhered to 
preferably. This can be accomplished 
very readily by increasing the core diam¬ 
eter of the unwinding roll a few inches, as 
it does not affect the maximum diameter 
materially, nor the amount of paper in 
the roll. 

The Booster 

The booster supplies the IR drop in 
the braking generator circuit and makes 
sheet tension immediately available when 
the winder is started up. Constant ten¬ 
sion means constant horsepower or con¬ 


Figure 7. 234-inch, two-drum winder driven 
by an adjustable generator voltage winder 
drive with regenerative braking tension control. 
Winding speed 3,000 feet per minute 


stant current for any given speed, but 
since with constant tension the horse¬ 
power varies directly with the speed, it 
follows that if constant current is held 
in the braking generator, the tension 
will be constant regardless of the winder 
speed or the diameter of the unwinding 
roll. 

The Regulator 

It is the function of the regulator to 
hold this current constant at whatever 
value it is set, depending upon the weight 
of paper being wound. Provision is 
made, however, for operating the braking 
generator as a motor during the threading 
operation, thus relieving the operator of 
considerable heavy labor. 

Acceleration and Deceleration 

Mention has already been made of the 
heavy inertia involved in large rolls of 
paper and since the sheet must bring the 
unwinding roll up to speed and involves 
considerable tension or pull, the regulator 
automatically eases off the current held 
by the braking generator to avoid break¬ 
ing the sheet and when the winder is up 
to speed, it again holds the correct cur¬ 
rent. During the slowing down opera¬ 
tion, the reverse is true; the regulator 
automatically holds a higher current to 
keep the sheet tight and prevent it from 
wrinkling. 
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Table II. Power Data for Winders 
*Power Data—With Spreader Bar Only 


Tension 
at “A”** 

Tension 

at*‘B”** 

Friction 

Load 

Tension 

Load 

Total 

Load 

Horsepower 

Returned 

Main 

Generator 

Capacity 

Tension 

Generator 

Capacity 

0..... 

... 0 .. 

..0.00520.. 

...0.00000.. 

..0.00520.. 

...0.00000... 

..0.00430... 

..0.00000 

2. 

... 2.163.. 

..0.00570.. 

...0.00606.. 

..0.01176.. 

., 0.00575... 

..0.00570... 

..0.00517 

4. 

... 4.326.. 

.0.00619.. 

...0.01210.. 

..0.01830.. 

.. .0.01150.. . 

..0.00660... 

..0.01035 

6. 

... 6.489.. 

..0 00668.. 

...0.01820.. 

..0.02488.. 

...0.01730... 

..0.00770... 

..0.01550 

8. 

... 8.652.. 

,..0.00718.. 

...0.02420.. 

..0.03138.. 

...0.02300... 

..0.00880... 

..0.02070 

10. 

...10.815.. 

..0.00767.. 

...0.03030.. 

..0.03800.. 

...0.02880... 

. .0.00992... 

. .0.02600 

12. 

...12.978.. 

..0.00816.. 

...0.03640... 

..0.04456.. 

...0.03460... 

..0.01120... 

. .0.03120 

14,.... 

...15.141.. 

.0.00866.. 

...0.04240... 

.,0.05106.. 

...0.04030... 

..0.01220... 

..0.03630 



i 

*Power Data- 

—With Spiked Roll and Spreader Bar 



0.... 

... 0 , 

.0.00520.. 

...0.00000.. 

...0.00520.. 

...0.00000.... 

.0.00430... 

,. .0.00000 

2.,.. 

... 2.489. 

.0.00661.. 

...0.00606.. 

..0.01267.. 

...0.00575.... 

.0.00620... 

,..0.00617 

4.... 

... 4.979. 

_0.00802.. 

...0,01210.. 

..0.02012.., 

...0.01150.... 

.0.00807... 

..0.01035 

6.... 

... 7.469. 

....0.00943.., 

...0.01820.. 

..0.02763... 

..0.01730.... 

.0.01000... 

..0.01550 

8.... 

.... 9.958 

.0.01084.. 

.. .0.02420.. 

...0.03504.. 

...0.02300.... 

.0.01190.. 

...0.02070 

10.... 

...12.611, 

.0.01224.. 

...0.03030.. 

...0.04274.. 

. ..0.02880.... 

.0.01395.. 

.. .0.02600 

12.... 

...14.938. 

.0.01366.. 

...0.03640.. 

,..0.05006.. 

. ..0.03460.... 

.0.01560.. 

...0.03120 

14.... 

...17.429. 

...0.01506... 

...0.04240.. 

..0.05746.. 

,..0.04030.... 

.0.01750.. 

...0.03630 


* Power data is horsepower per inch width per 100 feet per minute except main generator which is kw. 
** Tension is in pounds per inch width. 
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Figure 8. Adjustable generator voltage 
winder drive with regenerative braking tension 
control. Two 75-horsepower 1,750-rpm 
230-volt driving motors. 50-60-horsepower 
250-1,000-rpm 230-volt braking generator 


As an illustration we may consider a 
modem winder of 228-inch width de¬ 
signed to operate at 3,000 feet per minute 
on kraft papers up to 150 pounds per 
ream. 

The equipment consists of two 125- 
horsepower motors on the winding drums, 
one 125-horsepower 185/945-rpm braking 
generator, and a 60-kw motor generator 
set with the necessary booster, constant- 
current regulator, and control. 

The winding drums are 20 inches in 
diameter, the rider roll and guide rolls are 
13 7 /s inches in diameter, and the unwind¬ 
ing roll is 65 inches in diameter, wound on 
a 13 7 /Vinch spool. 

At any given operating speed, the 
speed of the braking generator must 
vary over a range of 4.7 to 1 and as the 
unwinding roll decreases in size the wind¬ 
ing roll increases as shown in figure 4 
with a consequent decrease in WR 1 of 
the unwinding roll and an increase in 
WR 2 of the winding roll. In many in¬ 
stances the operation is such that 30- or 
32-inch finished rolls are the maximum 
size and four of these may be wound from 
a 65-inch roll of paper. The operation 
is, therefore, intermittent with frequent 
starting and stopping, and, in addition to 
the friction and tension load the motors 
must accelerate this heavy inertia from 
standstill to top speed in about 20 sec¬ 
onds. 

The unwinding roll, instead of being 
driven, is held back by the braking 
generator to maintain proper tension in 
the sheet. During accelerating this ten¬ 
sion is composed of two elements, the 
pull caused by the braking generator and 
the pull required to overcome the inertia 
of the roll. Therefore, to maintain a 
constant tension during acceleration, the 
tension caused by the braking generator 


may consider all of these heavy inertias 
as so much weight concentrated at the 
periphery of the roll of paper as indicated 
in figure 5 and calculate the power re¬ 
quired to accelerate this weight in the 
required time. 

Curve A and C figure 5 represents a 
single large winding roll while curves B 



Figure 9. Main control panel for adjustable 
generator voltage winder drive 


and D represent four 32-inch-diameter 


20 seconds for various diameters of the 
unwinding roll. It also shows the equiva¬ 
lent weight of the unwinding roll to¬ 
gether with the force and horsepower 
torque required to accelerate it. 

The average horsepower torque re¬ 
quired to accelerate the complete winder 
is 205.7 while the average horsepower 
torque required to accelerate the unwind¬ 
ing roll is 38; therefore, the tension held 
by the braking generator should be de¬ 
creased by a corresponding amount to 
maintain a constant sheet tension during 
this operation. This is automatically 
taken care of by the regulator through 
the system of wiring connections. 

When operating at top speed (3,000 
feet per minute) the input to the driving 
motors resulting from friction and sheet 
tension is 212 horsepower while the power 
returned to the line from the braking 
generator is 137 horsepower leaving 75 
horsepower to be supplied by the motor 
generator set. During acceleration the 
input to the motors (in terms of maximum 
speed) is 435 horsepower but because of 
the easing off in tension held by the brak- 



Figure 10. Auxiliary control panel for ad¬ 
justable generator voltage winder drive 


ing generator, only 101 horsepower is re¬ 
turned to the line, leaving the motor 
generator set to supply 334 horsepower or 
250 kw during this short period of time. 

Dynamic Braking 

Quick stopping is very important, 
especially on high-speed winders, and 
provision is made for electrical braking 

Electrical Engineering 


must be reduced by an amount equal to 
the pull required to overcome the inertia. 
To simplify the problem involved we 
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rolls wound from one 65-inch roll of paper. 

The tabulated data in table I show 
the equivalent weight of the complete 
winder together with the force and horse¬ 
power torque required to accelerate it in 
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Comparison of Methods of Stopping 
Squirrel-Cage Induction Motors 


which case the motor functions as an 
induction generator. Occasionally, an 
application warrants combining two brak¬ 
ing schemes to obtain a desired function of 
a drive. Some suggestions in regard to 
this are also discussed. 


By W. I. BENDZ 


Magnetically Operated 
Friction Brake 


A PPLICATION engineers frequently 
encounter the problem of choosing 
between the several available methods 
employed to stop a squirrel-cage induc¬ 
tion motor quickly. To the best of the 
writer’s knowledge, little has been done to 
present data in such a way as to make it 
useful to draw direct comparisons between 
these schemes, discuss the advantages of 
each, and aid in the choice of the method 
best suited to a particular application. 

Paper number 38-50, recommended by the AIEE 
committee on general power applications, and pre¬ 
sented at the AIEE North Eastern District meeting, 
Lenox, Mass., May 18-20, 1938. Manuscript sub¬ 
mitted February 17, 1938; made available for pre¬ 
printing April 23, 1938. 

W. I. Bbndz is in the engineering division of the 
Westinghouse Electric and Manufacturing Com¬ 
pany, Boston, Mass. 


on both the winder motors and unwinding 
roll. This feature has. a considerable 
bearing on the selection of motor capac¬ 
ities where light-weight papers are in¬ 
volved because the inertia of the winder 
and the roll of paper are likely to have a 
greater bearing on the motor capacity 
than the sheet tension under these con¬ 
ditions. 

Power Requirements 

The power required to drive a winder 
is made up of friction load and sheet 
tension and while there is some slight 
variation in the friction load of different 
winders, it is permissible to assume an 
average; friction load and calculate the 
power requirements on the basis of sheet 
tension, assuming that the spreader bar 
or spiked roll or both are used in the opera¬ 
tion. Such power data have been cal¬ 
culated and are herewith submitted in 
table II and figure 6. 

An attempt has also been made to 
indicate the approximate tension required 
for sheets of various weights, based on 
recent experience and tests on winders 
now in operation. This is indicated in 
the curve, figure 6, and while there are 
scant data on this subject, and some 
difference of opinion, it will serve as a 
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Such is the purpose of this paper. 

The schemes most commonly en¬ 
countered in industrial equipment are: 
(1) Braking applied by a magnetically 
released, spring-set friction brake either 
of the shoe or disk type, or (2) Plugging, 
using a reversing magnetic controller 
usually in combination with a "plug¬ 
ging” or "zero-speed” switch driven from 
the motor shaft, (3) A scheme which is 
rapidly gaining favor for industrial ap¬ 
plication is the application of direct cur¬ 
rent to one or more of the motor stator 
phases and thereby stop the motor by 
what has been commonly referred to as 
"dynamic braking.” (4) A fourth 
scheme discussed herewith is dynamic 
braking using a capacitor and resistor in 


guide to the trade in selecting the sheet 
tension. The capacity of the equipment, 
however, is definitely determined by the 
sheet tension and equipments for this 
service should be so specified. 

Conclusion 

The big advantage in this type of drive 
is in maintaining constant sheet tension 
at any desired value and correctly wind¬ 
ing rolls of uniform density. The load 
distribution between the motors and the 
sheet tension is indicated at all times and 
fast smooth acceleration and decelera¬ 
tion are available. 

Regenerated power, while not of pri¬ 
mary importance, does nevertheless make 
available power which otherwise must be 
dissipated as heat, and permits of using 
much smaller motor generator sets th an 
would otherwise be possible. For ex¬ 
ample, a 228-inch winder operating at 
3,000 feet per minute on a 300-pound 
kraft sheet would require two 200-horse- 
power driving motors, a 100-kw motor 
generator set and a 225-horsepower 
braking generator, which, on the basis 
of 50 per cent operating time would save 
approximately 810,000 horsepower-hours 
per year ; power which might be used to 
good advantage elsewhere in a mill. 

Bendz—Stopping Induction Motors 


Probably the oldest and certainly the 
most common method of stopping ae- 
motors is by means of a spring-set mag¬ 
netically released friction brake. The 
coil of the brake magnet is usually con¬ 
nected directly across two of the motor 
terminals so that the brake is energized 



Figure 1A. Brake coil connected across 
motor leads 


(released) whenever power is applied to 
the motor and the brake coil de-energized 
(brake set) when power is disconnected 
from, the motor. Earlier construction 
was such that the brake frame was sepa¬ 
rate from the motor and the two units 
had to be properly aligned. Co-ordi¬ 
nated designs now usually include the 



Figure 1B. Brake coil connected with 
separate circuit 


brake frame with the rear motor bracket 
and mount the brake wheel directly on a 
rear extension of the motor shaft. This 
design has been used for many years 
although a recent modification has been 
the introduction of disk-type brakes 
rather than shioe brakes. The disk 
brakes are neat in appearance and com¬ 
pletely enclose all rotating parts. Since 
there is no difference in the function of 
either type of brake, the comments which 
follow apply equally well in both cases. 

The application of "thrustor” brakes 
has been omitted from this paper for the 
reason that the writer is herein mostly 
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Figure 2. Comparison of brake-coil connec¬ 
tions 


concerned with motor ratings to which 
“thrustor” brakes are not usually adapted. 

In all of the data which is presented, 
references to time or to the number of 
revolutions to stop a motor also includes 
the operating time of the magnetic con¬ 
tactor used for the motor control This 
fact should be remembered when exam¬ 
ining the shape of curves plotted against 
time or distance to stop. 

The usual method of connecting a 
brake of this type is to wire the magnet 
coil directly across two of the motor leads, 
as illustrated in figure 1 A. 

The motor control disconnects the 
motor circuit and de-energizes the brake 
coil as well. This method of connecting 
the brake is simple and inexpensive 
since the brake is always beside the motor 
and the conduit wiring reduced to a 
minimum. 

If the motor control switch is provided 
with an additional pole the connection 
shown in figure IB can be used resulting 
in a considerable reduction in braking 
time. Any circuit which isolates one 
side of the brake coil from the motor can 
be used equally as well. The purpose 
of this connection is to completely de¬ 
energize the brake magnet at the same 
instant as the motor is disconnected 
from the line in order to bring about im¬ 
mediate application of the braking force. 

The results of a test to show a compari¬ 
son between these two connections, 
taken on the same motor and brake are 
plotted in figure 2. The dotted curve is 
the result of connecting the brake coil 
directly across the motor terminals as in 
figure IA while the solid curve is the 
plot of performance when employing the 
separate brake coil connection shown in 
figure IB. It is apparent that the differ¬ 
ence in revolutions traversed during 
deceleration for the two schemes is 
greater at the lower value of braking 
torque. The explanation rests in the 
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fact that the reduction in braking torque 
was obtained by weakening the spring 
of the brake. As the spring was made 
weaker the voltage appearing across the 
brake coil as a result of it being con¬ 
nected across the motor terminals caused 
increasing delay in the application of the 
brake, when this method of control was 
used. 

The results shown in figure 2 were 
obtained on a three-horsepower six-pole 
frame 17-254 motor equipped with a 
standard solenoid brake. The same 
tests were made on four- and eight-pole 
motors, both two and five horsepower. 
Similar results were obtained and in 
general it can be said that the difference 



Figure 3. Comparison of calculated and test 
performance 


between the two schemes is less for eight- 
pole motors and greater for four-pole 
motors. This is as would be expected 
since the higher speed motors will ton 
a larger number of revolutions for a given 
unit of time delay for the application of 
the brake. 

The result of these tests brings about 
the conclusion that whenever maximum 
braking effect is required it is worth while 
to open the brake-coil circuit by means of 
a separate contact. 

Figure 3 shows a plot of braking torque 
against revolutions to bring the motor to 
a stop for four-, six-, and eight-pole 
three-horsepower motors with the brake 
coil opened by a separate contact as in 
figure IB. These curves may be con¬ 
sidered as typical for motors of any horse¬ 
power rating but individual cases will 
depart from the performance illustrated 
due to variation in the ratio of torque to 
WR 1 for different motors. For this 
reason it seemed advisable to compare 
actual performance with theoretical cal¬ 
culated values from which one may con¬ 
sider the expected performance of any 
similar motor and brake. 
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The results of calculated performance 
for the motors tested in figure 3 are shown 
by the dotted curves. These were cal¬ 
culated from the braking torque, motor 
WR 1 , and adding a factor of one-tenth 
second for the control and brake to 
operate. Tests showed that the average 
control and brake operated in about six 
cycles when the brake was adjusted for 
its maximum rating. A somewhat longer 
time was required when the brake spring 
(and torque) was decreased but this 
variation was neglected for the purpose 
of simplifying the discussion. 

The importance of the curves plotted 
in figure 3 is that the performance as 
calculated from braking torque, motor 
WR 1 , and control operating time checks 
reasonably well with actual operating 
conditions. Furthermore, it can be con¬ 
cluded that there is little to be gained by 
applying a brake rated much more than 
100 per cent of the motor full-load torque 
and certainly no reason to exceed 200 
per cent torque. This statement is true 
only when the WR 1 of the connected 
load is small compared with the motor. 
Choice of the proper brake must take this 
into account. 

Figure 4 shows a plot of braking torque 
against time to stop the motor for six- 
and eight-pole three-horsepower motors. 
While other ratings were tested the re- 
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Figure 4. Comparison of brake-coil connec¬ 
tions 


suits were not included in the figure 
because of the confusion of curves. As 
was brought out during the discussion of 
figure 3, calculated performance is reason¬ 
ably accurate from which other ratings 
could be added to figure 4. 

The solid curves of figure 4 are the 
results obtained when using the separate 
brake coil connection shown in figure 
IB and the dotted curves correspond to 
the connection of figure L4. 
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To summarize the application of 
magnetic brakes the following conclusions 
may be drawn: 

1. When the maximum braking effect is 
required it is worth while to select the con¬ 
trol to provide the separate brake-coil cir¬ 
cuit as shown in figure IB. 

2. Except in cases where the WR 2 of the 
connected load is a considerable portion of or 
greater than the motor inertia, there is not 
much gained by selecting a brake rated 
more than 100 per cent of the motor full 
load torque; no practical gain by exceeding 
200 per cent torque. 

3. Theoretical performance calculated by 
the following formulas are sufficiently close 
for most practical applications: 

. WR 2 X rpm 

Time to stop = n —-- + 0.1 

308 X brake torque 

Revolutions to stop — 

X (rpm) 2 

3.70 X brake torque 

Where 

Time is in seconds 

Brake torque is in pound-feet 

WR 2 is in pound-feet 2 

Plugging Squirrel Cage-Motors 

Plugging control to stop squirrel-cage 
motors is becoming more widely used for 
many kinds of industial applications. 
The reasons for this are (1) the increased 
capacity of feeder systems, thereby more 
universally eliminating the objection to 



Figure 5. Schematic diagram of full-voltage 
plugging control 


the relatively high line current required 
for effective stopping, (2) the improve¬ 
ment in motor design to electrically and 
mechanically withstand the stress during 
plugging, and (3) the availability of 
proper and reliable control apparatus for 
plugging service. 

The majority of plugging applications 
are those for which the motor is connected 
across the power lines at full voltage by 
means of a pair of reversing contactors. 
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A typical magnetic push-button control 
for this purpose is shown in figure 5. 

A plugging switch, frequently referred 
to as a zero-speed switch, is driven from 
the motor shaft or from machine shafting 
coupled to the motor. This type of 
switch is designed so that its contacts 
close only due to rotation in one direction 
and are therefore open at zero speed or 
reverse rotation. Inspection of the dia¬ 
gram shows how the normally closed 
interlock of the “forward” contactor 
prevents the “reverse” contactor from 
being energized while the motor is run¬ 
ning forward. As soon as the “stop” 



Figure 6. Performance by reduced-voltage 
plugging 


push button is depressed the circuit to 
the “reverse” contactor is completed 
through the “forward” interlock and 
plugging switch. The motor is then 
plugged to rest and at zero speed or upon 
slight reversal the plugging switch opens 
its contacts and de-energizes the “re¬ 
verse” contactor. 

Control is also available for reversing 
service in which case the plugging switch 
has two sets of contacts, one of which is 
closed by the forward rotation and the 
other by backward rotation. The motor 
is plugged to rest when the “stop” push 
button is depressed, no matter in which 
direction the motor may be running. 

Figure 6 shows a plot of time and also 
the number of revolutions to stop against 
motor voltage in per cent of the normal 
rating. The voltage referred to is the 
value existing across the motor terminals 
at the instant of first starting to plug. 
The reduction in voltage below normal is 
obtained by connecting equal resistors in 
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Figure 7. Schematic diagram of d-c braking 
control using copper-oxide rectifier 


the three motor lines. Therefore, the 
abscissa and the right-hand ordinate are 
values occurring at the same instant. 

This figure also includes a plot of peak 
current required to plug a motor at 
any given per cent of normal voltage. 
By use of these curves the peak line 
current required to produce a desired 
rate of deceleration can be determined. 

The data from which figure 6 was pre¬ 
pared were obtained by testing a number 
of motors between one-quarter and ten 
horsepower, four-, six- and eight- pole. 
Although the curves of this figure repre¬ 
sent average values for this wide range of 
ratings it is important to note that in¬ 
dividual cases did not depart from the 
average curve more than 10 per cent in 
regard to revolutions or tune plotted 
against per cent voltage. However, 
there was a somewhat wider variation 
when considering the peak current drawn 
at 100 per cent normal voltage and this 
factor should not be overlooked when 
applying this data. 

It is important to note that the results 
shown refer to a constant line voltage. 
If the line potential is decreased during 
the plugging interval the performance is 
changed radically. As an example, a 
test was made on. one motor, holding the 
line voltage constant and adjusting series 
resistors to limit the plugging current to 
400 per cent which resulted in 5.0 revolu- 
ions to stop the motor. The same motor 
was connected across a generator and 
feeder system of such poor regulation that 
the plugging current was also 400 per cent 
but without any series resistors. In the 
latter case the motor required 8.0 revolu¬ 
tions to stop or an increase of 60 per cent. 

The amount of resistance to connect 
in series with the motor to limit the 
plugging current to any desired value can 
readily be calculated from the motor 
locked-rotor current and power factor.' 
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Once the approximate motor reactance 
has been calculated the resistance can 
also be obtained. The required imped¬ 
ance is figured, knowing the maximum 
permissible line current and from this the 
total circuit resistance is obtained. Sub¬ 
tracting the motor resistance leaves the 
value to be added to each line. 

Dynamic Braking by Applying 
Direct Current 

Dynamic braking of a squirrel-cage 
motor by disconnecting the a-c power and 
applying direct current to one or more 
stator phases is not a new scheme but 
has not been widely used to date. Per¬ 
haps lack of sufficient application data 
and inadequacy of a source of direct 
current are the major factors limiting its 
use. There are many applications for 
motors three horsepower and below, 
particularly on machine tools, that require 
smooth braking and in many cases a 
Rectox copper-oxide rectifier is well 
suited to supply the necessary direct 
current. 

One suggested wiring diagram for a 
unit consisting of control and Rectox is 
shown in figure 7. This scheme includes 
a time delay relay to disconnect the recti¬ 
fier at the end of the braking period which 
is a feature that is not required in all 
cases. 

Referring to the diagram, if the “start” 
push button is depressed the number 1 line 
contactor is energized and its interlock 
contact bridges the “start” push button. 
The motor is then running, energized by 
the a-c power line. If the “stop” push 
button is depressed the circuit to number 1 
contactor is broken and the a-c power is 
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figure 8. Performance by d-c braking 



immediately disconnected. The lower 
contacts of the “stop” push button com¬ 
plete a circuit to the coil of timing relay 
TR and also the coil of number 2 contactor 
as soon as the normally closed contact of 
number 1 seals, thereby indicating that a-c 
power has been removed. The instan¬ 
taneous make contacts of TR complete 
the holding circuit to TR and number 2. 
The contacts of number 2 apply the alter¬ 
nating current to the Rectox and connect 
the d-c terminals to one phase of the 
motor. The resistor in the a-c terminals 
of the Rectox reduces the applied a-c 
voltage since only a low d-c voltage is 
required for braking. When the cycle 
of TR expires, its time delay contacts 
open thereby dropping out number 2 con¬ 
tactor and resetting TR. This, of course, 
disconnects the rectifier but the cycle of 
TR should be made long enough to be 
certain that the motor has come to rest. 

If a source of d-c power were available 
the Rectox rectifier could be omitted 
and the same control used except for the 
details of connecting number 2 contactor 
between the d-c line and the motor ter¬ 
minals. The timing relay would be re¬ 
quired because in order to obtain effec¬ 
tive braking a value of direct current 
must be applied which would overheat 
the motor if allowed to continually cir¬ 
culate while at rest. 

The time and also number of revolu¬ 
tions required to stop a motor are plotted 
against direct, current in per cent of 
motor full-load rating in figure 8. A 
large number of tests were made on 
motors ranging from one-quarter to ten 
horsepower, four, six, and eight poles. 
In studying the results of tests made on 
these ratings it was found that motors of 
like number of poles performed very 
similarly, particularly on the part of the 
curve having the most practical use. 


The minimum and maximum perform¬ 
ance for the group of four-pole motors is 
plotted and designated as limits in 
figure 8. Limits were shown for four- 
pole motors only and the average for 
six- and eight-pole motors in order to 
eliminate unwarranted confusion of the 
curves. 

The results shown by figure 8 pertain to 
motors not connected to a load and, of 
course, represent a wide range of windings 
and rotor inertia. In order to present 
data which could be used to predict the 
time or revolutions to stop a motor con¬ 
nected to a load (of which the friction 
and WR 2 is known) the variable factors 
which enter into motor design must be 
separated. The problem can be simpli- * 
fied by obtaining the average decelerating 
or braking torque throughout the de¬ 
celerating period by test results. There is 
also a close relationship between the 
braking torque per ampere obtained and 
the motor starting torque. With this 
method of approach as a basis the curve 
of figure 9 was obtained. It is significant 
to note that although figure 9 again repre¬ 
sents the average of a wide range of motor 
ratings there was no individual design of 
standard squirrel-cage motor that de¬ 
parted from the average curve more than 
ten per cent, which is a sufficiently 
close check for practical applications. 

Figure 9 can be used to calculate the 
required direct current to obtain the 
desired braking effect by knowing, (1) 
the friction and WR 2 of the co nn ected 
load, (2) the WR 2 and starting torque of 
the motor and preferably, (3) the stator 
resistance of the motor, The average 
decelerating torque to stop the motor and 
connected load is readily calculated from 
the formula given at the close of the 
section on friction brakes. Knowing 
the motor starting torque the ratio of 


502 Transactions Bendz—Stopping Induction Motors Electrical Engineering 









Figure 11. Sche¬ 
matic diagram of con¬ 
trol for capacitor and 
resistor braking 


average braking torque divided by motor 
starting torque can be obtained and figure 
9 applied to get the direct current re¬ 
quired for effective braking. If the 
motor stator ohmic resistance is known 
the resultant direct voltage can be figured 
and the details as to the required source 
of direct current easily follow. 

With the exception of fractional horse¬ 
power ratings it is sufficiently accurate 
to assume that the motor d-c resistance 
is six per cent of the motor rated voltage 
divided by its full-load current. Frac¬ 
tional horsepower windings vary con¬ 
siderably and may depart from this rule 
by so much as 500 per cent. Conse¬ 
quently, care must be used to obtain 
exact winding data before proceeding 
with each application. 

From inspection of the data presented 
in figure 8 and comparing this perform¬ 
ance with figures 3,4, and 6, it can readily 
be seen that it is impossible to stop a 
motor as quickly by means of d-c braking 
as by means of full voltage plugging, but 
the former does approach the effective¬ 
ness of a magnetic brake. 

While test data show that maximum 
deceleration is not obtained until the di¬ 
rect current is increased to about 350 
per cent of the motor rating, experience 


the rotor at standstill. Sufficient torque 
is available at low speed to prevent 
excessive coasting and the motor is 
stopped smoothly without the violent 
shock characteristic of a magnetic brake 
in particular. 

Dynamic Braking, 

Using Capacitors and Resistors 

Any induction motor will function as 
an induction generator provided it is 
operated in parallel with apparatus that 
will supply a leading power factor load 
since this is the only way by which an 
induction machine can be excited. Usu¬ 
ally, synchronous machines supply the 
leading power factor but capacitors meet 
the requirement equally well if connected 
across the terminals of the machine. 

While this method of stopping a motor 
does not possess many practical ad¬ 
vantages it is sufficiently interesting to 
deserve brief mention. 

Either two single-phase or one three- 
phase capacitor unit may be connected 
across the motor. The number 1 con¬ 
tactor starts the motor by depressing the 
“start” push button. The number 2 con¬ 
tactor connects the resistors across the 


motor terminals when the “stop” button 
is depressed. The coil of number 2 con¬ 
tactor is chosen to hold number 2 con¬ 
tacts closed to as low a voltage as pos¬ 
sible. Since there is very little braking 
torque below one-third speed there is no 
point in attempting to hold number 2 
contactor closed below this value* 

A family of deceleration curves taken 
with a 2-horsepower 6-pole 220-volt 3- 
phase 60-cyde frame W-225 squirrel- 
cage motor are shown in figure 10. 
These curves are motor revolutions per 
minute plotted against time and therein 
differ from the type of curves so far pre¬ 
sented in this paper. 

Because of the inherent characteristic 
of dynamic braking to become less 
effective as the speed decreases this 
method of stopping a motor is useless if 
the motor is not coupled to a load having 
some friction. The dotted curve of 
figure 10 shows how the lower curve 
(C - 1.9 kva, R * 32 ohms) would be 
changed if the motor were connected to a 
drive having a frictional load equal to 
50 per cent of the motor full-load torque 
rating. In this case the motor is brought 
to rest in about three-fourths second. 

The only possibility for a practical 
application of this method would be when 
capacitors would be desirable for power- 
factor correction. For instance, a capaci¬ 
tor value sufficient to produce reason¬ 
ably effective braking would result in a 
circuit power factor of approximately 
35 per cent leading when the motor 
operated at about full load. 

Special Applications 

Examples of a few unusual applications 
are given below for the purpose of illus¬ 
trating factors leading to the choice of 
one or more methods for braking a motor. 

The diagram shown in figure 12 is a 
drive for a machine in which it was desired 


has shown that 250 per cent is sufficient 

in most cases and that the difference in p igurc ^ $che- 

braking effectiveness between these values ma4 j c <jj agram 0 f 

cannot be noticed without equipment set special reduced-volt~ 

up to make accurate measurements. age control 

There are numerous applications where 

satisfactory braking can be obtained by 

using direct current of only 150 per cent 

of the motor rating. 

This scheme of stopping a motor is 
commonly referred to as “dynamic 
braking” but the term is not strictly true 
and it is not at aU similar to dynamic 
braking of a d-c motor. While there is 
a decrease in braking torque as the speed 
is reduced, it does not fall to zero and 
a definite braking torque is applied with 
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to stop the motor in a given position of a 
rotating shaft. Reduced voltage plug¬ 
ging was chosen for the application. The 
positioning switch was direct connected 
to the shaft to be positioned. Its design 
was such that a circuit is closed through 
the switch except for a few degrees of rota¬ 
tion. The speed switch is a centrifugal 
switch driven from the motor and its 
contacts are closed from normal down to 
about 15 per cent speed. Below this 
speed its contacts are open. The stop¬ 
ping function of this drive is to plug the 
motor by reduced voltage until the speed 
decreases to 15 per cent. Below this 
speed the motor is plugged through the 
positioning switch until the “dead” zone 
of the switch is reached. Power is then 
disconnected and the motor may or may 
not coast to a stop within the desired 
zone. If it coasts until the switch re¬ 
closes the motor is energized through the 
resistors to rotate the shaft until it again 
reaches the “dead” zone of the positioning 
switch. 

Reduced voltage plugging was selected 
for this scheme for two reasons: (1) 



Figure 13. Application of oversized mag* 
. netic brake 


Plugging offered, a means by which the 
motor was kept rotating, with power 
applied, until it finally stopped in the 
proper , position; (2) reduced voltage 
plugging' was necessary so as to limit the 
"motor torque. Otherwise, the rate of 
acceleration or deceleration would have 
been so great as to make it impossible to 
stop dose to a desired position. 

The drive illustrated in figure 13 is 
installed in a plant in which the voltage 
regulation is poor. It was desired to 
stop the motor as quickly as possible 
after tripping an emergency stop switch. 
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Figure 14. Application employing both 
plugging and magnetic brake 

Poor voltage regulation would have de¬ 
feated the effectiveness of full-voltage 
plugging. The problem was solved by 
using a magnetic brake rated 200 per cent 
of the motor torque. A two-pole master 
stop switch was used for the control 
circuit. One pole was wired into the 
motor contactor circuit and the other 
pole directly in the magnetic brake coil 
circuit. Consequently, when the stop 
switch was tripped the brake was applied 
by the time the contactor interrupted the 
motor line current, with the result that 
very effective braking was obtained. 

Figure 14 shows a drive for which the 
load has a WR 2 of many times the motor 
inertia. The drive between the motor 
and load is by gearing and V belts. 
Since several times full-load motor torque 
would be required to produce the desired 
braking it is obvious that the drive would 
be stressed severely if a large brake 
were placed on the motor shaft. It is 
also true that a brake on the load side 
would impose a peak load on the drive 
because of the motor WR*. The solu¬ 
tion chosen was to put a magnetic brake 
on the load and use; full voltage plugging 
on the. motor. The brake was applied 
so as . to make the rate of deceleration of 
the load, approximately match the motor 
and thereby reduce the stress on the 
drive as much as possible. Considerable 
operating experience has proved that 
this is a very satisfactory scheme. 

Comparison of Methods 

Cost 

While accurate cost comparisons can¬ 
not be made because of the many 
factors which influence the required ap¬ 
paratus, the following may serve as a 
rough reference. In each case the cost 
of complete equipment, exclusive of the 
motor, is. included and allowance for the 
installation of the parts is made. 

The least expensive method is a sole¬ 
noid-type magnetic brake and is conse¬ 
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quently taken as a 100 per cent base 
price. 

Full-voltage plugging can usually be 
installed for about 135 per cent of the 
brake cost. Reduced voltage plugging 
will cost about 200 per cent. 

Dynamic braking with direct current 
including a Rectox rectifier will be be¬ 
tween 150 per cent and 250 per cent of 
the brake cost depending upon the duty 
cycle. If a source of direct current is 
available and the Rectox therefore omit¬ 
ted, the cost of this scheme can be re¬ 
duced to about 125 per cent. 

Dynamic braking using capacitors and 
resistors will be about 250 per cent for 220 
volts and 200 per cent for 440 or 550 
volts. 

Magnetic Brakes 

Advantages . The magnetic brake is 
the least expensive scheme to install and 
while it is not the fastest method for 
stopping a motor it is second in this 
choice. No power is taken from the line 
during the braking period and conse¬ 
quently braking is independent of voltage 
failure. 

Disadvantages . Frequently there is 
not sufficient space in which to mount a 
magnetic brake. On applications that 
start and stop frequently a certain 
amount of maintenance is always neces¬ 
sary. Furthermore, the person adjusting 
the brake must be skilled in this or else 
the brake operation will not be satis¬ 
factory. There is a continued con¬ 
sumption of power from the a-c line while 
the motor is running. If it is deisired to 
manually rotate the motor when power is 
disconnected special arrangements must 
be made to either electrically or mechani¬ 
cally release the brake. The torque of a 
friction brake increases considerably at 
very low speed which results in a rather 
violent shock as the motor is brought to 
rest. For some applications this may be 
a disadvantage. 

Plugging 

Advantages . Full-voltage plugging will 
stop a motor quicker than any other 
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method provided the power supply is 
adequate. This scheme is not very much 
more expensive than a magnetic brake 
and requires only a normal amount of 
maintenance. Reduced voltage plugging 
is a flexible method in that the rate of 
deceleration may be readily adjusted 
after installation. 

Disadvantages . Plugging, even at re¬ 
duced voltage, requires more than the 
motor full-load current taken from the 
line. If voltage fails the motor will 
coast instead of stopping quickly. A 
plugging switch must be mounted, driven 
from or otherwise coupled to the motor 
shaft and properly adjusted. Special 
care in the choice of apparatus must be 
considered if the application disallows a 
possibility of the motor rotating slightly 
in the reverse direction. 

D-C Braking 

Advantages . This method of stopping a 
motor does not require any apparatus 
mechanically coupled to the motor shaft 
nor is any maintenance required (other 
than is common to control apparatus). 
Because of this it is particularly useful on 
applications subject to frequent starting: 
and stopping. The motor cannot run 
backwards as may occur if plugging is 
used and the switch improperly adjusted. 
The motor is free to be rotated manually 
at the termination of the braking period' 
and the braking is particularly smooth. 
If a separate source of power is available. 
braking will be independent of failure of 
the a-c supply. The separate source 
may be direct current or another a-c 
supply independent of the main a-c lines. 

Disadvantages . The chief disadvan¬ 
tages of this scheme is its cost relative 
to a magnetic brake. While this scheme, 
ranks third in its ability to stop a motor 
most quickly, it is often adequate for a 
large majority of applications. There 
can be no braking torque when the main 
a-c supply fails unless a separate source 
of power is available from which braking 
may be obtained. 

Dynamic Braking With Capacitors 

Advantages . This method offers the 
advantage of power factor correction 
while the motor is running and braking 
is independent of voltage failure of the 
supply- line. Maintenance would be 
less than for any other scheme of braking 
the motor. 

Disadvantages . Unfortunately, this 
scheme is a poor fourth in braking effec¬ 
tiveness and at the same time is about the 
most expensive. Consequently , it is not 
economically attractive as a meato for 
braking an a-c motor* * ’ ! : 
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The Application of Capacitors for Power 
Factor Correction in Industrial Plants 

By C. E. H. von SOTHEN 


W HILE a paper on this subject 
before an AIEE meeting seems 
rather superfluous, perhaps a review of 
some of the facts to be considered in the 
application of capacitors to industrial 
loads will bring out a discussion that will 
be beneficial to all. 

Greater interest has been shown in 
this subject during the past few years, 
both because of the wider application of 
power rates having some form of power- 
factor clause, and because of the reduc¬ 
tion in power costs to the industrial 
customer, if the power factor is corrected. 
The utility companies generally have 
urged those customers who may benefit 
by power factor correction, to install the 
necessary equipment and in some cases 
have recommended the amount of cor¬ 
rective capacity to meet the conditions 
existing. The manufacturing companies 


have, of course, also made a great many 
surveys, each case being worked up in¬ 
dividually to determine the amount of 
correction which will provide greatest 
return on investment. 

A capacitor or static condenser con¬ 
sists principally of metal foil and paper 
insulation in a metal container and 
generally assembled in a rack or housing 
for indoor or outdoor service. 

Data Required 

The data required to make proper ap- 
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Conclusion 

In conclusion, the following suggestions 
should aid in selecting the best method of 
braking; 

1. If the most important consideration is 
stopping the motor as quickly as possible: 

(а) Determine if the source of supply is capable 
of delivering at least six times the motor full load 
current without dropping the voltage at the ter¬ 
minals of the motor more than five per cent. If the 
supply is adequate use a full voltage plugging con¬ 
troller. 

(б) If tbe supply is inadequate use a magnetic 
brake rated 150 per cent to 200 per cent of the motor 
full-load torque and a control designed to open the 
brake coil separately from the motor winding. 

2. If the most important consideration is 
availability of normal braking even with 
the failure of the main a-c supply system: 

(а) A magnetic brake is usually employed in such 
cases. 

(б) Dynamic braking using direct current is 
equally as good as a magnetic brake if a separate 
source of direct current is available. It may be 
worthy of consideration if the separate source is 
alternating current in which case a rectifier would 
be used. 

(c) Dynamic braking using capacitors would meet 
the requirements providing a very quick stop were 
not necessary. 

3. If the most important consideration is 
ability to withstand frequent operation 
without undue maintenance: 

(a) ; A magnetic brake will require the largest 
amount of maintenance of any method of braking. 

(b) Dynamic braking.using diredti current is the 

most attractive scheme bdth from the point of view 
of freedom from maintenance and least shoqk to the 
drive. . S- • : t . : roim viM 
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(c) Full voltage plugging can be used if the power 
supply is adequate and the motor applied so as to 
withstand the heating that results frbin frequent 
plugging. Some maintenance of the plugging 
switch and magnetic contactors will be required. 

4. If the most important consideration is a 
smooth stop without shock to the drive: 

(a) Dynamic braking using direct current is highly 
recommended for this application. 

(b) Dynamic braking using capacitors would pro- ’ 
duce a smooth stop and may possibly deserve con¬ 
sideration. 

5. If the most important consideration is 
assurance that the motor will not rotate 
backward; 

(a) A magnetic brake or d-c braking are equally 
gpod in this respect as neither can result in backward 
rotation. 

(b) While it would not be correct to state that 
plugging could not be used for such an application, 
it is true that this method is more subject to reversal 
than any other and extreme care should be used in 
the. selection and adjustment of the, plugging 
switch. 

6. If the most important consideration is 
freedom of the motor to be rotated manually 
without the application of power: 

(a) Dynamic braking using direct current presents 
no complications for such an application. 

(5) Plugging can be used with some limitations. 
A friction type of plugging switch cannot be used, 
because manual rotation of the motor will cause the 
plugging switch to energize the control and apply, 
power to the motor (unless a special control is de¬ 
signed to prevent this). A centrifugal type of 
plugging switch can be applied if the Speed when, 
rotated manually is below the minimum point at 
which the switch Will dose its contacts. / 

Cc) Dynamic braking using capacitors would be! 
applicable and may possibly deserve consideration, 
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plication generally should include the 
following: 

1. Magnitude and power factor of the 
load, both maximum and average. 

2. Character of the load; constant or 
variable? 

3. Statement of power rate. 

4. Is metering on high or low side of step- 
down transformers? 

5. Are the feeders within the plant of 
ample capacity or are some overloaded? 

6. Rating of the transformers. Are they 
owned by the utility company or by the 
industrial company? 

7. Will an indoor or outdoor capacitor 
equipment be more satisfactory? 

8. Voltage of circuit (normal and maxi¬ 
mum). 

9. Is any additional load being considered? 

10. What are the atmospheric conditions 
at proposed capacitor location?. Are they 
normal or are dust, corrosive fumes, and so 
forth, present? 

11. What is the maximum ambient tem¬ 
perature? 

Standard Types Available 

It might be well to discuss briefly the 
various types of capacitor equipments 
available for industrial applications. 
There are four general types for use as 
follows: 

1. The enclosed dust-tight capacitor unit 
for connection to individual motors or small 
groups of motors rated 230, 460, or 675 
volts. These may also be combined in 
racks to make up a dust-tight equipment. 

2. The small rack capacitor for indoor 
installation, for use at 230, 460, 575, 2,300, 
4,000, and 4,600 volts, at one or several 
points in a plant. This design fulfills 
practically all industrial-plant requirements 
and affords maximum economy with refer- 

* ence to reduction of line loss. 

3. The pole-type outdoor capacitor, corre¬ 
sponding to the indoor small rack for 2,300, 
4,000, and 4,600 volts. This can be either 
mounted on a pole or bolted to a founda¬ 
tion. 

4. The large rack equipment for either 
indoor or outdoor installation, for improving 
power factor of a large block of power at 
one point, on circuits of from 230 to 6,900 
volts. 

There have been a few installations of 
automatically controlled capacitors to 
main t ain approximately constant power 
factor, reactive kilovolt-amperes, or cur¬ 
rent of some predetermined value. These 
depend upon some form of master relay 
which opens or closes oil circuit breakers 
or contactors controlling several blocks 
of capacity; The advantage is that a 
higher average value can be held without 
going too far leading at light loads. 
Whether such an equipment will prove 



economical depends, as usual, upon the 
power contract. 

The foregoing covers the types avail¬ 
able. Now how should they be applied? 

The manner in which the problem is 
approached to meet conditions imposed 
by various classes of rates may be il¬ 
lustrated best by a few typical examples 
from various parts of the country. 

Calculations 

Case I 

The power contract contains the fol¬ 
lowing rates and provisions: 

Rate: (per month) 

Demand charge: 

$1.25 net, per kilowatt of maximum 
demand for the first 500 kilowatts of 
demand 

$1.00 net, per kilowatt of maximum 
demand for all over 500 kilowatts of 
demand 

plus 

Energy charge: 

1.5*T net, per kilowatt-hour for the first 
10,000 kilowatt-hours 
0.9^ net, per kilowatt-hour for all over 
10,000 kilowatt-hours 
Minimum charge: 

The demand charge. 

Special provision: 

(a) When customer's power factor is 
less than 80 per cent or more than 90 per 
cent, the billing demand shall be increased 
or decreased in the ratio that 85 per cent 
bears to the actual power factor. The 
power factor shall be determined monthly 
by computation from the registration of 
active and reactive watt-hour meters. 

In this case power was supplied at 
6,900 volts, 3 phase, 60 cycles. There 
was ample transformer capacity and 
none of the 230-volt feeders was over¬ 
loaded. Therefore only primary capaci¬ 
tors were considered, for installation in 
the main switch-board room. 


Figure 1. Four 100-kva and one 60-kva 
3-phase 60-cycle 460-volt indoor small rack 
capacitors 


The power bills for one year were used 
as a basis for calculations. A typical 
month showed the following: 

Actual demand. 1,056 kw 

Power factor. 60 per cent 

Reactive kilovolt-ampere 

hours.277,600 

Kilowatt-hours.208,800 

All figures were based on a rack large 
enough for 540 kva, but containing vari¬ 
ous numbers of units as an initial in¬ 
stallation, starting with 495 kva. Indi¬ 
cations were that additional capacity 
would be required in the future. 

The 495-kva equipment would have to 
operate during the month in question 
only 560 hours to average 100 per cent 
power factor, but let us say 625 hours. 
The billed demand would be 85 per cent 
of 1,056 or 898. The loss on this equip¬ 
ment would not exceed 1.65 kw but say 
2 kw which would increase the demand 
to 900 or a net saving in demand of 156 
kw. This at $1.00 per kilowatt amounts 
to $156 saving in demand charge. 

The loss of 1.65 kw for 625 hours at 
9 mils amounts to $9.30 or say a net 
saving in the power bill for the month 
of $146. 

Each month was figured similarly and 
the total annual saving on the power bill 
amounted to $1,804. The equipment 
had a first cost of $5,667 and ah installed 
cost of $6,060. Carrying charges may 
be taken as nine per cent of $5,667 or 
$510. (Interest is omitted since the 
purpose of the calculation is to determine 
the return on the investment.) The net 
annual saving is then $1,294 or a return 
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of 21.3 per cent on the investment of 
$6,060. 

Other sizes were figured and the result 
was the recommendation of a 540-kva 
rack containing 360 kva in units. This 
showed a return 27.8 per cent on an in¬ 
vestment of $4,700. 

Of course if a 360-kva rack could 
have been used, the initial cost would have 
been lower and the return would have 
been greater. 

Case II 

The power rates in this case were as 
follows: 

Demand—First 100 kva.$3.00 per kilo¬ 

volt-ampere 
All in excess.$1.50 per kilo¬ 

volt-ampere 

Energy—First 200 hours 
use of kilowatt 
demand per 

month.$0,007 per kilo¬ 

watt-hour 

All over 200 

hours.....$0,005 per kilo¬ 

watt-hour 

As the kilovolt-amperes would never 
be reduced below 100, all savings were at 
$1.50. 

Power was supplied at 13,200 volts 
and stepped down to 480 volts. As this 
was a grain mill, dust-tight equipment 
was required. From billing data for 
the year 1936 it was found that the 
average was 611 kva demand, 455 kw, 



Figure 1 Forty-leva 4,000-volt 3-phase 
60-cycle pole-type capacitor 
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74.5 per cent power factor, and 408 kva 
lagging reactive. 

As the corrective kilovolt-amperes of 
a capacitor varies as the square of the 
voltage, a 210-kva 460-volt equipment 
will provide 229 kva leading. This 
reduces the reactive to 179 and kilovolt¬ 
amperes to 489, or a saving of 122 kva 
per month. For 12 months at $1.50 
per kilovolt-ampere, the saving in de¬ 
mand is $2,196. The loss on this equip¬ 
ment, would not exceed 0.76 kw which 
for 16 hours per day and 300 days per 
year at $0,005 per kilowatt-hour would 
amount to $18.24 per year. The net 
saving on the power bill would therefore 
be $2,177.76 per year. 

A 210-kva 460-volt dust-tight capaci¬ 
tor equipment had a first cost of $2,103 
and estimated installed cost of $2,313. 
Carrying charges were taken at nine per 
cent or $208 so that the net annual saving 
would be $1,970 which represents a re¬ 
turn of 85.1 per cent on the investment 
of $2,313. 

Other sizes were calculated similarly 
with the results shown in table I. 

While the 180-kva equipment shows a 
greater per cent return, the extra invest¬ 
ment for the 210 kva would be paid for 
in two years. The same might be said 
for the 240 kva over the 210-kva equip¬ 
ment, but it was found that the 240-kva 
equipment would correct the power 
factor to 99 per cent at time of maximum 
demand for some months, which would 
mean leading power factor on average 
loads. The 210-kva equipment was 
therefore installed. 


Case III 


While this case involves a rather small 
installation, it illustrates another form 
of power contract which may be of in¬ 
terest. 


Monthly Remand 
(Kilowatts) 

Demand Charge 
(Dollars) 

First 10 or less* 

.30.00 


.......... 2.50 per kilowatt 

Next 25....... 

Next 60 f •* r . r 

f f . T *. 1*50 per kilowatt 

Next 1,900.... 

Next 2,000. 


All over 4,000....... 


Monthly TJse 
(Kilowatt-hours) 

Energy Charge 
(Cents per Kilowatt-hour) 

First 1,000...... 

Next 1,500...... 

Next 2,500...... 

Next 5,000. 

Next 190,000...... 

Next 300,000... iv 
All over 500,000;..'.., 

...... .....2.5 

,2.0 

.............0.75 

............ 0.65 


Social Provisions . The service supplied by 
the company shall be taken by the consumer 
whenever possible at an average power 
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factor of not less than 70 per cent lagging. 
If the service is taken at an average power 
factor of less than 70 per cent lagging, then 
the demand for billing purposes, in lieu of 
the measured demand, shall be taken as the 
product of the measured demand and the 
quotient resulting from dividing 70 per cent 
by the actual average lagging power factor 
expressed in per cent. If the service is 



Figure 3. Three hundred-kva 460-volt 3- 
phase 60-cycle large rack capacitor 


taken at an average power factor of more 
than 85 per cent lagging, then the demand 
for billing purposes, in lieu of the measured 
demand, shall be taken as the product of 
the measured demand and the quotient 
resulting from dividing 85 per cent by the 
actual average lagging power factor ex¬ 
pressed in per cent. 

The average power factor for the month 
shall be determined by computation from 
the registration of an active watt-hour meter 
and a reactive watt-hour meter. It shall be 
the quotient resulting from dividing the 
registration of the active watt-hour meter 
by the square root of the sum of the square 
of the registration of the active watt-hour 
meter and the square of the registration of 
the reactive watt-hour meter. 

As there was a detent or ratchet on the 
reactive watt-hour meter, nothing could 
be gained by operating at leading power 
factor during light-lbad periods. 

In this case the primary voltage was 


Table I 


Capaci- Cor- Per Cent 

tor rected In- Net Return 

Rating Power First stalled Annual on In- 
(KtiU Factor Coat post Saying vestment 


160.. . .90 . .$1,548. i .$1,703. , ,$1,526.... 89.5 

180.. . .91 ,. 1,817 ... 2,000... 1,800. V. .90.0 

210.. . .93 V. 2,103... 2,313... ,1,971.... 86.1 

240.. . .98.5,; 2,483.• . 2,709. „ 2,147.; . ,79,0 
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4,000 and plant voltage 230. As several 
circuits were rather badly overloaded, 
secondary capacitors, distributed over 
some of the branch circuits, presented 
definite advantages over an installation 
on the primary side. Furthermore, con¬ 
ditions were such that a primary capaci- 


with the ‘‘detent” on the meter the re¬ 
sult is the same as unity power factor. 
By checking the active and reactive 
meters carefully and obtaining a record 
of demands, it was found that during 
working hours, the load never dropped 
below 35 kw at 55 per cent power-factor 


Table II 


Month 


Kilowatt- 

hours 


Reactive Demand Power Demand 

Kilowatt-hours Read Factor Billed 


Penalty 
@ $1.25 


August.... 
September 
October... 
November. 


25,200. .38,200..124........55. 

23,940...35,560.141.;. /_56. 

22,540.32,900..123,....... .57. 

21.280.........29,120. .136..59. 


..158........*43.00 

......176........ 43.75 

.149........ 35.00 

......161..... 31.25 


tor would have to be installed outdoors, 
adding to its cost. 

Billing for only four months .was avail¬ 
able, on which to base calculations, but 
results have indicated the assumptions 
to be/cqirect. These were as shown in 

tabl|||f -. 

TheJplantf operating 16 hours per 

day arid 5 days per week with the follow¬ 
ing results: 




Corrective Kilovolt- 



amperes Required 


Average 

For 72 

For 87 

Average Reactive Per Cent 

Per Cent 

Kilo- 

Kilovolt- 

Power 

Power 

Month watts 

amperes 

Factor 

Factor 

August.71.5. 

...108.5.. 

.. .39.5.. 

...68.0 

September . .71.3. 

...106 .. 

...34.0.. 

,...66.0 

October.67.0. 

.,.98 .. 

.. .34.0.. 

....60.0 

November . .60.5. 

... 82.8.. 

.. .25.0.. 

...49.0 


The values of 72 per cent and 87 per 
cent were taken rather than 70 per cent 
and 85 per cent to allow some margin 
for changes in conditions. The first 
value is necessary to avoid the penalty 
and the second is required if a bonus is 
to be earned. 

It is evident that a 40-kva capacitor 
will correct each month to 70 per cent or 
better. What will be its effect in Novem¬ 
ber? 

Forty kva for 22 days and 16 hours 
per day or 14,100 reactive kilovolt-, 
ampere-hours leading. This leaves a 
net of 15,020 reactive kilovolt-ampere- 
hours lagging which combined with 21,- 
280 results in an average power factor of 
82 per cent; not sufficiently high to earn 
the bonus. 

To determine the effect of a 70-kva 
equipment, consideration must be given 
to the fact that for a few : hours each day, 
the power factor may be leading, and 


or 53 reactive kilovolt-amperes. From 
demand-meter records for the four 
months it was found the power factor 
with a 70-kva equipment would be lead¬ 
ing for one hour per day in August and 
September, two hours in October, arid 
three hours in November and it was as¬ 
sumed the leading kilovolt-amperes would 
be 70 minus 53 or 17 kva. Therefore, 
the effect would be as follows for August: 

70 X 22 X 16 = 24,640 reactive kva 
17 X 22 X 1 - —380 

24,260 reactive kva 
38,200 reactive kva 
-24,260 

13,940 reactive kva 

R 13.940 • • 

KW “ 25,200 " 0,654 

or 87.5 per cent power 
factor 

Similar calculations for the other 
months gave these results: 

September 88.5 per cent 
October 91.5 per cent 
November 96.5 per cent 

The effect of the 40-kva equipment 
would be to avoid the penalty or a saving 
of $153 for four months or approximately 
$459 per year. 

This equipment consisting of 8 5-kva 
230-volt enclosed units with hangers 
and with fuses and dischargers would 
have a first cost of $728 and installed 
cost of $800. The net annual saving 
with nine per cent carrying charge would 
be $393 representing a return of 49.1 per 
cent on the investment of $800. 

With the 70-kva equipment the penalty 
would be avoided and bonus earned each 
month. For example in August, the 
billed demand would be 

124 x 121 


or a saving of 37 kw over the demand as 
actually billed (158 kw). For September 
this would be 41 kw, October 36 kw, 
November 41 kw, at $1.25 per kilowatt 
these total $193.75 or approximately 
$581.25 per year. 

A total of 14 5-kva 230-volt enclosed 
units had a first cost of $1,274 and in¬ 
stalled cost of $1,400. The net annual 
saving with nine per cent carrying 
charge would be $466 or a return of 33.4 
per cent on the investment of $1,400. 

Because of the greater return from the 
40-kva equipment and the fact that con¬ 
ditions were somewhat uncertain, this 
equipment was recommended with the 
suggestion that a further study be made 
at a later date, with the possibility of 
installing additional units. 

Protection 

The problem of protecting capacitors 
and lines is similar to that on any electric 



Figure 4. Two hundred forty-kva 4,600- 
volt 3-phase 60-cycle indoor large rack 
capacitor 


system involving a relatively large num- 
ber of pieces gf apparatus fed from a 
comniori sources. In • rack and pole-type 
eqdplr ^ft^ tlie 4 nt %^group^f units is 
fed though pne^gurcjllt-intetlupting de¬ 
vice, which is generally set to trip at 
twice normal line current. Therefore, 
many times'* normal current of an in¬ 
dividual unit could flow into a fault within 
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the unit without opening the line circuit 
breaker. Individual fuses, however, will 
limit the amount of energy dissipated 
within a capacitor unit case by quickly 
clearing the fault and without interrupt¬ 
ing power supply to the remainder of the 
equipment. 

When a capacitor is disconnected from 
the line, electrical energy remains stored 
within the unit. All types of equipment 
must therefore be provided with means 
for draining the energy after the circuit 
has been opened. A discharge device 
should always be provided by the manu¬ 
facturers as part of standard equipment. 

A circuit-interrupting device of some 
form should in general, be used with 
capacitors to serve as a main switch as 
well as to provide overcurrent protection. 
As standard capacitors are designed for a 
permissible working voltage approxi¬ 
mately 15 per cent in excess of rated 
voltage, and to provide for extra current 
due to possible harmonics, the main 
switch should have a capacity of at least 
35 per cent over rated current of the 
capacitor. 

In some cases, on 230-volt circuits, 
economies may be effected by using 460- 
volt capacitors and autotransformers, 
because of the lower cost per kilovolt¬ 
ampere of 460-volt capacitors. Since 
the capacitor is capable of handling a 
maximum of 135 per cent of normal 
kilovolt-amperes, the transformer output 
rating should be selected accordingly. 

The possible short-circuit current at 
the installation should, of course; be con ¬ 
sidered when selecting the interrupting 
device. The circuit breaker selected 
must be able successfully to clear the 
maximum short circuit that may occur 
at that point. 

Indoor installations of capacitors or¬ 
dinarily do not require special considera¬ 
tion in regard to lightning protection. 
If the secondary circuit to the consumer 
presents any appreciable exposure the 
lightning arrester ordinarily installed to 
protect the consumer's apparatus will 
provide sufficient protection for the 
capacitors. 

Outdoor capacitors should be protected 
by distribution-type lightning arresters, 
except where existing lightning arresters 
on the circuit are sufficiently dose to the 
point of installation to provide protection. 

Effects of Low Power Factor 

The question of point of application of 
the capadtor is usually one of economics. 
The greatest benefit, from the electrical 
standpoint, can be derived from capaci¬ 
tors connected directly at the motor 
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terminals, since they reduce power losses 
in all lines and transformers between the 
power source and the motor. However, 
such capacitors usually have a higher 
cost per kilovolt-ampere than equipment 
installed in larger blocks at the bus or on 
the primary feeder.- The higher cost of 
low-voltage units must be weighed 
against the cost of a primary equipment 
plus additional copper for the low-voltage 
feeders, if some of these are overloaded 



Figure 5. Three hundred-leva 4,000-volt 
3-phase 60-cycle outdoor large rack capacitor 


or voltage drops are excessive. Also 
improvement in voltage obtained by 
capadtors on the low-voltage transformer 
secondaries, may warrant the higher 
first cost of a low-voltage installation. 

It is often found that no more load can 
be added to a circuit because the watt¬ 
less current has overloaded the system. 
By improving power factor, more load 
can be added at a Iowa: over-all cost 
than would be incurred by installing 
more copper or additional circuits. 

Low-power-factor conditions in a plant 
produce low voltage and excessive dips 
upon overloads and peaks. Starting 
and running torques of motors are re¬ 
duced in proportion to the square of the 
voltage. Motors start slowly or not at 
all and inay be stopped on voltage dips 
through action of the undervoltage de¬ 
vice. The slip of induction motors is 
greater at reduced voltage, hence pro¬ 
duction suffers. 

Of course, if the transformer bank is 

von Sotheri—Power-Factor Correction 


overloaded low-voltage capacitors will 
easily prove themselves out in comparison 
with additional transformer capacity. 

A point which is sometimes overlooked 
or misunderstood when considering the 
effect of capacitors on an industrial load, 
is the fact that although the power factor 
of a motor is higher at full load than at 
part loads, the reactive kilovolt-amperes 
are also higher. Therefore to raise the 
power factor to unity requires slightly 
greater corrective kilovolt-amperes at 
full load than at part load. For example 
the full-load -power-factor of a 10-horse¬ 
power 1,800-rpm squirrel-cage motor is 
89 per cent and the lagging reactive 
kilovolt-amperes is 4.5 At half-load the 
power factor of this motor is 75 per cent 
and the lagging reactive kilovolt-am¬ 
peres 3.9. 

The thought is quite frequently ex¬ 
pressed that, to meet certain conditions, 
capacitors should be installed on a motor 
to reduce starting current. When con¬ 
sideration is given to the fact that the 
full-voltage starting current of a normal- 
torque low-starting-current squirrel-cage 
motor is 4V 2 or 5 V 2 times normal and its 
power factor at start may be 40 per cent 
or lower, it is readily seen that an un¬ 
reasonable amount of capacity is re¬ 
quired. 

If starting current is important, the 
wound-rotor motor offers a better solu¬ 
tion to the problem. 

If power is generated instead of pur¬ 
chased, it may be necessary to improve 
power factor to relieve overloaded feeders 
or an overloaded generator. Most gen¬ 
erators are rated on the basis of 80 per 
cent power factor. Therefore, unless the 
prime mover is oversize, there is little 
to be gained by raising the power factor 
above 80 per cent. For example, if a 
500-kw 625-kva 80-per cent-power-factor 
generator is actually carrying 450 kw at 
60 per cent power factor or 750 kva, and 
if the prime mover is capable of driving 
the generator with a 550-kw load a capaci¬ 
tor may at first be installed simply to 
bring the ciirrent within the rating of 
625 kva. This would take 170 kva. 
Later, to provide for expansion extra 
units may be installed. 

Assuming the additional load would 
also be at 60 per cent power factor, it 
would require 280 kva additional to re¬ 
duce the total kilovolt-amperes to 625 
with a 550-kw load. The corrected 
power factor would be 88 per cent. 
Whether the industrial company pur¬ 
chases or generates its power, a power- 
factor study is warranted because savings 
may be possible which may far exceed the 
cost of corrective capacity required. 
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Multiple Lightning Strokes — II 

By K. B. McEACHRON 

FELLOW AIEE 


T HE multiple stroke lias been defined 
as a succession of discharges in sub¬ 
stantially the same path, either between 
clouds or between cloud and ground. 
Multiple strokes are of considerable in¬ 
terest to the engineer, because of the 
possible effects of successive application 
of impulses to equipment with a very 
small cooling or resting period interposed. 
The author has undertaken studies of 
natural lightning in three different loca¬ 
tions with three somewhat different 
methods, one of the objects being in each 
case the determination of characteristics 
of multiple strokes. One of these inves¬ 
tigations is a detailed study of lightning 
strokes to the Empire State Building in 
New York, another in Pittsfield, Mass., 
employs photographic methods making 
use of an observatory erected for the es¬ 
pecial purpose of studying lightning, and 
the third is an investigation of multiple 
strokes to transmission lines as measured 
by the use of the especially designed 
crater lamp oscillograph installed and 
operated in co-operation with the Ameri¬ 
can Gas and Electric Company at Roa¬ 
noke, Va. 

These three investigations have all 
been in operation for three or more light¬ 
ning seasons, but because of the large 
amount of data obtained from the other 


rents to ground, some of the successive 
discharges of a multiple stroke, since the 
protector tube allows but one-half cycle 
of power current to flow following each 
impulse. Of course such a method does 
not indicate the presence of more than 
one discharge in any one-half cycle, and 
from photographs of strokes it is known 
that successive discharges may be as 
close together as a few hundred micro¬ 
seconds. Recognizing this situation, dur¬ 
ing one lightning season a circuit was set 
up with a capacitance coupling to the 
transmission line, in such a manner that 
it was hoped to superimpose any during- 
half-cycle impulses, but none were found. 
This does not indicate that they were not 


Analysis of Results 

In analyzing the 295 records obtained 
in Roanoke, judgment must be exercised 
because a flow of current on either of the 
two lines being studied will draw current 
from the other, since they are bussed to¬ 
gether at Roanoke. This is illustrated 
in the typical oscillogram of figure 1, 
where the stroke was to the Glenlyn line. 
It was assumed, however, that simultane¬ 
ous strokes to the same phase conductors 
did not occur on the Glenlyn and the Dan¬ 
ville lines. While such an occurrence is 
possible, it is too unlikely to be given 
weight. 

Obviously, the operating data of the 
two lines were studied carefully, and cir¬ 
cuit breaker operations correlated with 
the crater-lamp-oscillograph records. The 
PM-13 oscillograph at Glenlyn recorded 
the fault currents flowing in both of the 
Glenlyn circuits, and the records were 
studied with engineers of the American 
Gas and Electric Company. The PM-13 
records were particularly helpful in Study- 


Table I. Occurrence of Strokes 


Number of Storms Giving 



Total 

Single 

Discharges 


Multiple Strokes 

Single 

Strokes 

Only 

Multiple 

Strokes 

Only 

Single 

Year 

Strokes 

Number Per Cent 

Discharges 

and 

Multiple 

1934... 


. 32.... 

... 10 . 

.24.... 

.... 44.... 

... 11 .... 

_3_ 

.... 2 

1935... 

. 21 ... 


... 2 . 

. 9.... 

.... 4_ 

_ 9_ 


.... 2 

1936.. ., 

1937.. .. 

. 45... 

.... 76_ 

. 49 . 

...13. 

27 

.29.... 

.... 38..... 

QA 

... 6 .... 


9 

Total... 


.....132. 

...52. 

.28.... 

.... yu . 

....176. 

...13.... 

...39.... 


....11 

,...24 


investigations, it will be necessary to con¬ 
fine the present paper to the results ob¬ 
tained in Roanoke, although natur all y 
the results from the other investigations 
will influence the point of view. 

Photographs showing the multiple 
character of some strokes of lightning 
have long been in existence, but it seemed 
to be important to find out how many of 
these effectively applied successive im¬ 
pulses to electrical apparatus connected 
to transmission lines. Fortunately, the 
application of the expulsion protector 
tubes supplied a means of determining, 
through the use of magnetic oscillograph 
dements arranged to record fault cur- 


Paper number 38-40, recommended by the AIEE 
committee on power transmission and distribution 
and presented at the AIEE North Eastern District 
meeting, Lenox, Mass., May 18-20, 1938. Manu¬ 
script submitted November 3, 1937; made avail¬ 
able for preprinting March 26, 1938. 

K. B. McEachron is research engineer with the 
General Electric Company, Pittsheld, Mass. 

1. For all numbered references, see list at end of 
paper. 


present, rather that the system used was 
not able to record them, and if they are 
to be recorded other methods will have 
to be used. It will be readily understood 
that on a line not equipped with expul¬ 
sion tubes the continuous flow of fault 
current obscures the effect of successive 
lightning discharges. 

The crater lamp oscillograph 1 was in¬ 
stalled in Roanoke early in 1934, and con¬ 
nected to read fault current to ground in 
each of the three phase conductors of the 
number 1 circuit of the double-circuit 
138-kv Roanoke-Glenlyn line, 2 and the 
fault current in phases 1 and 2 of the 
Roanoke-Danville line. The sixth vibra¬ 
tor was used to record the potential to 
ground of phase 1 of the Danville Hne. 
The results obtained during the first year 
of operation of the oscillograph were re¬ 
ported to the Institute in December 
1934. 3 The present paper will present 
the results of four lightning seasons be¬ 
ginning with 1934. 


ing the performance of the number 2 
circuit of the Glenlyn line, which was on 
the same steel towers but which was not 
equipped with protector tubes. Oscillo¬ 
graph records which did not cause power 
follow current through protector tubes 
were neglected as being too uncer¬ 
tain. If included, these would add to 
the number of single-stroke records ob¬ 
tained. 

Although some data from the Carolina 
Power and Light Company were included 
in the 1934 paper by the author, the data 
in the present paper are confined to the 
lines of the American Gas and Electric 
Company. 

Frequency of Occurrence 

A total of 184 strokes was recorded 
by the crater lamp oscillograph, of which 
52 are known to be multiple. Out of 69 
storm days, 39 yielded 73 single strokes; 
24 days gave 59 single and 42 multiple 
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PHASE I 
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PHASE a 
DANVILLE 

PHASE I 
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PHASE 2 
GLENLYN 


PHASE 3 
GLENLYN 



Figure 1. Crater lamp oscillogram showing 
operations of expulsion protective gaps on 
successive lightning discharges to the Roanolce- 
Glenlyn line 


strokes; and on 6 days only, 10 mul¬ 
tiple strokes were recorded with no single 
strokes. These data seem to indicate 
that certain storms produce few if any 
multiple strokes, and other storms seem 
to have on the average about an equal 
number of single and multiple strokes. 

In view of the New York investigation, 
it does not appear strange to find some 
degree of similarity between strokes in 
the same storm as to general character¬ 
istics. Cloud formation is probably re¬ 
sponsible for the different characteristics 
of lightning when one stroke is compared 
to another, and it is probable that the 
controlling conditions lie in the cloud it¬ 
self. There is evidence to indicate that 
the same cloud center will tend to con¬ 
tinue to produce the same type of dis¬ 
charge, at least while discharging to ob¬ 
jects within a limited area. 

When considering the data presented 
in this paper, it is recognized that great 
accuracy is not possible, since a certain 
number of single strokes are not recorded 
which did not cause tube follow current 
and multiple strokes with time intervals 
less than one-half cycle are not identified. 
In table I the data obtained are given by 
years. 

The importance of the multiple stroke 
is realized when it is considered that of 
the discharges recorded, 176 or 57 per 
cent of the total discharges were multiple, 
or putting it another way, 28 per cent of 
all the strokes produced 57 per cent of the 
discharges, 

A brief comparison with the results 
from Pittsfield, using a multi-lens moving- 
film camera will be of interest. During 
the years 1935,1936, and 1937 a total of 73 
Storm days were recorded. Two hundred 
thirty-two strokes were photographed, 


of which 55, or 23.7 per cent, were multi¬ 
ple. This percentage is lower than the 
true number, since the photography be¬ 
comes poor at distances of several miles 
under weather conditions often existing. 
The check, however, with the Roanoke 
data is quite good, indicating that roughly 
one-fourth of the strokes over a period of 
years consist of more than one discharge. 

Multiple Stroke Data 

A summary of the data obtained is 
given in figure 2, where each multiple 
stroke is plotted against its time duration 
in cycles (60 cycles). The maximum time 
duration is still as it was reported in 1934, 
namely, 40 cycles. Although, if enough 
data were available, a somewhat longer 
time might be found, yet other work not 
yet published indicated that the probable 
maximum time will not much exceed one 
second. When examining these data, it 
should be realized that there are many 
multiple discharges which will not have 
sufficient magnitude to cause a second 
tube operation, and thus would not get 
in the record. Thus data, on multiple 
strokes close by, obtained by photo¬ 
graphic means, may differ somewhat from 
that obtained from an investigation of 



this sort even of the same strokes. There 
is also another point of departure, in 
that another stroke could occur to the 
ground wire within a second of time at 
other points and the oscillograph could 
not identify them as being of the same 
multiple discharge. This possibility, 
based on other observations, can be dis¬ 
missed as being highly improbable in any 
appreciable number of cases. 

Time Interval and Number 
of Successive Discharges 

The time interval between successive 
discharges is important, since it has to do 
with the rest period afforded insulation, 
whether air or solid before being re¬ 
stressed. In figure 3 the data of figure 2 
have been replotted to show the time in¬ 
tervals and title frequency of their occur¬ 
rence per 100 discharges. The longest 
time was 26 cycles between discharges, 
while the shortest time will of course be 
zero cycles when current flows in two 
succeeding Half cycles. The maximum 
time recorded is of considerable interest 
from the point of view of deionizing time 
of the air under lightning conditions. 

In Pittsfield, the longest time between 
successive strokes was 0.44 second, which 
is slightly over 26 cycles. It might be 
argued that in the case of the crater- 
lamp-osdllograph data, a second stroke 
caused the record at the 26. cycle point, 
but the Pittsfield photographs show dis¬ 
charges in substantially the same path 
0.44 second later, so it appears that a 
time as long as 26 cycles is possible. 

Concerning the minimum time, nine 
per cent of the discharges occurred with'a 
time interval of one cycle. Lacking 
means for determining shorter times, in 
this particular investigation no conclusion 
can be drawn. However, in the Pitts¬ 
field investigation, times shorter than 
0.0005 second were measured between dis¬ 
charges. 

The number of successive discharges 
as shown in figure 4 vary up to 12 as a 
maximum. Sixteen per cent of all the 
strokes and 61 per cent of the multiple 
strokes consisted of at least 3 discharges, 
while 4 per cent of all strokes and 15 per 
cent of the multiple strokes had at least 
5 discharges. 

One might suppose that in general the 
largest number of discharges jwould go 
with the greatest stroke duration, and 
this is true in a very general way, but 


10 20 " 30 % 

DURATION OF MULTIPLE STROKE-CYCLES (60CYCLES PER SEC) 


Figure 2. Distribu¬ 
tion of multiple 
strokes end dis¬ 
charges 
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the data show serious exceptions since one 
40-cycle stroke had 12 discharges and a 
39-cyde stroke had 3, while a 6-cycle 
stroke had 4 discharges. 

Discussion and Conclusions 

This investigation indicates clearly 
that multiple strokes do take place to 
transmission line conductors and must be 
considered in any protection setup. 
Protective devices designed to protect 
apparatus from the effects of lightning 
should not include mechanical motions 
which take time for restoring to normal 
condition if proper protection is to be 
maintained. 

In the four-year investigation, 308 dis¬ 
charges were recorded from 184 strokes. 
Fifty-two multiple strokes yielded 176 
discharges. Approximately 25 per cent 
of all strokes were multiple. The larg¬ 
est number of successive discharges was 
12. The longest time between the first 
and last discharge was 0.66 second or 40 
cycles, while the shortest time is not 
indicated from this investigation. Other 



Figure 3. Time intervals between discharges 
in multiple lightning strokes 


work shows a time as short as 0.0005 
second. 

As to the characteristics of the succes¬ 
sive discharges with regard to the initial 
discharge, little information is given, ex¬ 
cept that a study of the data seem to in¬ 
dicate more current is associated with 
the multiple stroke discharges than in 
general occurs with strokes having but a 
single discharge. There is also some 
tendency for the first discharge of a series 
to pass more current than the succeeding 
discharges. These observations are de¬ 


duced from a study of the number of successive discharges is probably pes- 
phases involved with the different dis- simistic for low-voltage circuits where the 
charges. apparatus strength may be low compared 

There appears to be a definite tendency to the insulation strength of the line, 
for some storms to produce more multiple In thinking about the effects of multiple 

strokes than others. In fact as far as the strokes upon connected apparatus, it 

records of strokes to the transmission line should be remembered when the stroke 

are concerned, more than half of the takes place some distance from the sta- 

storms did not produce multiple strokes. tion, assuming a line without overhead 

This is probably related to the cloud ground wire protection, and a line flash- 



structure and the disposition of charges 
within it. 

In general, the multiple strokes which 
occupy the greatest time between the 
first and last discharges will have the 
greatest number of discharges, although 
this is not always true. The methods 
used could not distinguish between dis¬ 
charges occurring during a half cycle of 
protector tube follow current. 

The great majority of the follow cur¬ 
rents measured were positive in polarity 
indicating a negative direct stroke. This 
is in agreement with the work of Lewis 
and Foust, 4 who found that of 358 strokes 
recorded during the years 1934,1935, and 
1936 through tower legs of transmission 
lines, approximately 95 per cent were 
negative. Since the succeeding strokes 
did not show a polarity of follow current 
particularly different from the first dis¬ 
charge of the series, there seems to be no 
evidence which indicates a reversal of 
polarity as between the first and succeed¬ 
ing discharges, rather such evidence as 
there is indicates that the polarity of most 
discharges was probably negative. 

On a line with a lower insulation level, 
the number of successive discharges 
measured in a given stroke would be 
greater assuming that some of the dis¬ 
charges did not have enough current in 
the discharge to raise the potential of the 
higher-insulated line to a point where 
flashover would occur. This indicates 
that the results given as to the number of 


over occurs, only the first impulse of the 
series will be transmitted along the line 
unaffected by the tower footing resistance 
of the flashed structure. Succeeding dis¬ 
charges in the stroke will develop poten¬ 
tials on the line dependent upon the JR 
drop through the tower footing resist¬ 
ance. 

Where overhead ground wires are used, 
and strokes do not contact the line con¬ 
ductors, the potential of the traveling 
wave, both for the first discharge and 
succeeding ones will be dependent upon 
both the footing resistance and the cur¬ 
rent in the various discharges. Under 
these conditions, many low-current dis¬ 
charges which are observed upon moving- 
film photographs of direct strokes would 
not be of serious consequence with ref¬ 
erence to connected apparatus. It is 
at this point that the investigation is prob¬ 
ably of greatest value, in that it indi¬ 
cates the number pi successive discharges 
which had sufficient magnitude to cause 
operation of the protector tube. 
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Photoelectric Weljf 

By C. W. UPIERRE 

ASSOCIATE AIEE 

T HE PROCESS of weaving consists of 
interlacing spun threads at right an¬ 
gles on a loom, figure 1. In the woven 
material thus formed, of which cotton 
cloth is a very common example, the 
lengthwise threads are designated as the 
“warp” and the crosswise or filling 
threads are designated as the “weft,” 
figure 2. 

As woven, the weft threads of fabrics 
are substantially at right angles to the 
warp threads. Numerous subsequent 
finishing processes involve rehandling the 
wet material in rope form. When finally 
stretched and dried, much of the cloth 
will not have weft and warp threads at 
right angles in spite of inspection and 
manual means for mitigating this defect. 
This skewed goods tends to change shape 
with use so that fit or hang or design does 
not hold up to the purchaser’s expecta¬ 
tions. 

This paper describes a successful auto¬ 
matic means, for squaring up the goods 
in the final drying and stretching process, 
thus making it possible to raise materially 
the textile finishing standards in this 
respect. 

The size of the threads and the number 
used per unit area varies widely. Like¬ 
wise grouping, and arrangement of 
threads to form patterns are subject to 
wide variations. In general, however, 
it may be said thread diameters range 
from 0.005 inch in fine shirting to 0.050 
inch in heavy duck. Also, thread counts 
as low as 20 per inch are used in open- 
weave marquisettes while in fine shirting 
as high as 100 per inch are frequently 
found. Still others use as high as 136 
warp threads with 60 weft threads. C16% 
is produced in a great variety of widths, 
ranging from 30 to 108 inches and many 
hundreds of feet in length. 

Cloth as it comes from the loom is 
strong and serviceable and a limited 
amount of it is used as “gray goods”; 
another name for “unbleached cotton 
doth,” but most of it, some 90-odd per 
cent of it, is “bleached” to give it that 
fine white well-known ap^arance. The 
bleaching operation involves much rough 
handling; treatment with., chemicals, 
subsequent washing, and v^lppst cases, 
starch is added to improve®S^earance. 
Cheaper grades are also^p^^ith talc 
or white clay. 

In the process of finishing, the doth 
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must be transported from one vat to 
another which may be a thousand feet or 
more away. Transportation is usually 
effected by piffling the doth in rope 
form from one vat to another, often over 
a drcuitous route guided through large 
porcelain rings or “pot eyes,” figure 3. 
This is harsh treatment as far as the 
structure of the doth is concerned and 
it results in considerable distortion of the 
weave from the right angular relationship 
of the warp and weft threads so ac¬ 
curately woven by the loom. 

Following the washing operation, the 
doth is “beaten out” in a scutcher, to its 
original flat form, after which it passes 
through a starch mangle, figurf 4, where 
the filling starch or day is added and 
subsequently through drying apparatus 
to remove the wash water. The drying 
operation is accomplished with a com¬ 
bination of dry cans and tenter. 

Dry cans consist of a series of steam 
heated cylinders arranged so that the 
cloth will pass from one to another, in 
contact with about three quarters of the 
circumference of each, figure 4. The 
temperature of the cans and speed of the 
cloth is controlled so that when leaving 
it contains a definite prescribed amount 
of moisture. 

A tenter is a machine designed pri¬ 
marily to restore the doth to its original 
width making due allowance for shrink¬ 
age, by exerting a suitable pull on the 
selvage edges at opposite ends of the 
weft threads, figure 5. Frequently 
tenters are endosed in ovens and the 
sizing and drying operation combined 
either wholly or in part. 

In practice, depending on the type of 
doth and the finish required, the doth 
may be completely dried on a tenter, or 
stretched to the required size on a tenter 
and dried on cans o% partly dried on a 
tenter and finished on cans; but regard¬ 
less of the system used, the weave dis¬ 
tortion or skew introduced in the previ¬ 
ous processes must be removed; e, g., 
the doth must be “straightened” to 
make it salable. 

Cloth straightness pay be defined as 
the perpendicuhr relationship between 
|'w%. and^ y^y^threads, al^p deyijation|^ 
'" from strmghtMsmay be|expres| 
“skew,”?f$3[i is very essential 
be straight, both in plain fabrics as well 
as those embodying woven patterns. : 



Similarly-doth should be straight before 
being printed, otherwise, the pattern will 
be distorted after the cloth is cut into 
small pieces, such as required for cur¬ 
tains or wearing appard. 

The straightening operation should be 
performed on the doth while it is moist as 
the fibers are then pliable and susceptible 
of proper positioning. Straightening is 
accomplished by moving the selvage on 
one side with respect to the other, an 
amount necessary to correct the dis¬ 
tortion. 

Several machines are now on the mar¬ 
ket for straightening doth which perform 
with a fair degree of success. One of the 
more common is the “swing tenter” in 
which an oscillating movement of one 
chain with respect to the other is intro¬ 
duced which tends to “spread” the 
skew over the entire area, thereby re¬ 
ducing the magnitude of the distortion 
in any particular area. Strictly speak¬ 
ing, this device could not be classified as 
a “straightener,” but rather one to even 
out the peak skews to passable limits in 
doth where true straightness is not re¬ 
quired. 

In the “canting roll” type shown in 
figure 6, the cloth which has; been pre¬ 
viously spread to its full width is passed 
over two or more rolls, the ends of the axes 
of which are made to approach or recede 
from each other, thereby slackening or 
stretching the sdvage as may be nec¬ 
essary to introduce the required correc¬ 
tion. 

Still another type of straightener per¬ 
forms the straightening operation in the 
tenter by advancing or retarding one 
chain with respect to the other so that 
the perpendicular relationship is secured 
in the doth as it leaves the tenter. Fig¬ 
ure 7 shows one way of accomplishing 
this. A differential gear is introduced in 
the main drive shaft by means of which 
the position of the left-hand chain may 
be advanced or retarded with respect to 
the right-hand chain by adding or sub¬ 
tracting revolutions to the main drive 
shaft. The differential is operated by a 
small motor, which is controlled in terms 
of cloth skew as observed at the leaving 
end of the tenter. 

With manual control of the motori the 
operator must visualize the skew and 
manipulate the motor switch accordingly. 
Obviously, this procedure is" subject to 

.Paper number 38-42, reconi^^ied by the AIEE 
f Committee on general po^ejr applications and pre- 
( fsent£fl at the AIEE N 5 ^Eastern District meet- 
^ifi^v t-enox, Mass., 2^#'®20il938. Manuscript 
itted February £5, made available for 
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Fisure 1. Loom showins cloth in process of being woven Figure 4. "Dry cans" for drying cloth, with starch mangle at right 



Figure 2. Typical woven material 


human limitations and restricted to rela¬ 
tively coarse weaves and low cloth speeds, 
hence the development of an automatic 
control became necessary to meet present 
day standards of finishing with high cloth 
speeds now employed. 


To automatically control the weft 
straighteners just described, a method of 
detecting skew is necessary. Figure 8 
illustrates the method of this paper; (a) 
represents weft threads of cloth of one 
direction of skew; ( b ) cloth having no 
skew; and (c) cloth having the other 


direction of skew. Outlined on these 
weft threads are two convergent paths, 
A and B, each traversed in the direction 
indicated by spots of light. In figure 
8(a), light spot A crosses 15 weft threads 
and spot B nine weft threads; in figure 
8(b) each spot crosses 12 weft threads; 
and in figure 8(c) A crosses nine threads 
and B 15 threads. Thus, if weft threads 
can be made to intercept two spots of 
light in this manner, a comparison of the 
rates at which the two spots are inter¬ 
cepted will indicate the direction and 
magnitude of the angle of skew. 

In a practical case, convergent light 
spot paths can be obtained by moving the 
two light spots laterally as in figure 8(d ). 


Automatic Control 

Principles 





Figure 3. Transportation in rope form through "pot eye" guide Figure 5. Tenter for restoring cloth to proper width 
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Figure 6A. Canting-roll type of straightener Figure 6B. Canting-roll type of straightener 


The cloth moving forward as the spots 
move inward will produce the required 
diagonal paths. 

To carry out such a principle two things 
are necessary; first, suitable scanning 
detectors which will give an impulse for 
each weft thread interception in the 
manner just described; and second, a 
control circuit which will compare the 
impulse rates from the two scanning 
detectors and operate the straightener 
motor when necessary to make the two 
detectors generate impulses at the same 
rate. 

Scanning Detector Unit 

A device for accomplishing the first of 
these requirements is illustrated in 
figure 9. A pair of these, one near each 
edge of the cloth, comprise the complete 
scanning system of the weft-straighten¬ 
ing control. 

Each of these scanning units comprises 
six parts, namely: (1) a scanning optical 


system; (2) scanning disk; (3) scanning 
table; (4) detector optical system; (5) 
amplifier; and (6) a good rigid framework 
to hold these parts together. 

Scanning Optical System 

The scanning-unit optical system is 
shown in figure 10A and B. The straight 
filament of the lamp is focused on a slit 
which in turn is focused on the cloth 
be means of cylindrical lenses at the end 
of the optical system housing. The line 
of light so formed by these lenses is 
approximately 0.0035 inch by two inches. 

The final spot after passing through the 
scanning disk is 0,0035 inch by 0.063 inch. 
Its dimensions are determined by the 
maximum number of threads per inch 
and their size. Thus it must be thin 
enough to be completely intercepted by 
one weft thread. It must be wide enough 
to span a number of warp threads; 
otherwise, the warp threads will generate 
a frequency too. On the other hand, the 


spot cannot be too wide or at large angles 
of skew, the weft threads will cross the 
spot diagonally and not intercept it. 

These dimensions are important and 
are subject to precise calculation for any 
given set of conditions. 

Scanning Disk 

The scanning disk is illustrated in 
figure 11. It is a simple circular dur¬ 
aluminum disk with 16 radial slots Vie 
inch wide. The disk is driven at a speed 
proportional to the cloth speed by means 
of “Selsyns,” the transmitter of which is 
coupled to the main tenter drive. Thus, 
the lateral motion of the spot bears a 
constant relation to the forward motion 
of the doth, or in other words, the angle 
of the path of the light spot is constant. 

Scanning Table 

Due to the short focal length of the 
cylindrical lenses, it is necessary that the 
cloth be held flat at the focus of the light 











Figure 9. Scanning unit 


spot. This is accomplished by passing 
the doth over a smooth flat table having 
a window over the light spot, figure 12. 
This table is mounted about l / 4 inch 
above the normal cloth level so the cloth 
is drawn smoothly taut across it. 

Detector Optical System 

After passing through the cloth, the 
spot of light strikes a large spherical lens 
in the phototube amplifier housing where 
it is focused on a phototube, figure 13. 

Phototube Amplifier 

The interruption of the light by the 
weft threads causes impulses in the out¬ 
put of the phototube. These impulses 
are amplified by the phototube amplifier 
before the control transmission unit, 
figure 14. 

The frequency range of the amplifier is 
from approximately 200 to 12,000 cycles. 
The gain increases somewhat with fre¬ 
quency to compensate for drcuit losses. 
The primary reason for locating an am¬ 
plifier in the phototube housing is to 
change the high-impedance phototube 
circuit into a low impedance output cir¬ 
cuit suitable for transmission to the con¬ 
trol unit. Otherwise, an amplifier at this 
point would have been avoided as exces¬ 
sive vibration is frequently encountered. 
This vibration has required careful con¬ 
sideration of the amplifier suspension. 
In the present device, practically com¬ 
plete freedom from vibration has been 
gained by flexibly hanging from the cover 
a heavy mass at the center of oscillation 
of which is suspended the amplifier 
chassis. 

The scanning units are frequently 
mounted on tenter frames close to drying 
ovens in which temperatures of 250 de¬ 
grees Fahrenheit may occur. While the 
temperature outside is much lower, the 
phototubes have a maximum- allowable 
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temperature of 150 degrees Fahrenheit 
so in some cases it is necessary to cool 
the phototube-amplifier housing. This 
is accomplished by passing cooling water 
through a few turns of copper tubing 
soldered to the housing. Very little 
water is required as the housing should 
not be cool enough to condense moisture 
and drip it on the cloth. 

Control Unit 

The design of the phototube detector 
and amplifier as described has proved to 
be subject to engineering calculation. 
The design of the control unit, on the 
other hand;, has required a considerable 
amount of experience to insure proper 
functioning of the equipment. The 
control unit performs three major func- 



A —Covers removed 



B —Assembled 

Figure 10. Scanning-unit optical system 


tions: first, it compares the impulse fre¬ 
quencies from the two scanning detectors; 
and second, it operates the gtraightener 
motor contactors in the proper direction 
to correct any skew which may exist; 
and third, it must so adjust its control of 
the straightener motor that it will not 
overshoot in making the necessary cor¬ 
rection. /. . 

The unit which accbti||lishes this is 
shown in figure 1 5A f and the 

schematic diagram of the circuits in¬ 
volved is shown in figure 16. 

In brief, the operation is as follows: 
The output of the two scanning detectors 
' is amplified further and passed tp the , 
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frequency comparator which compares the 
impulse frequency from detector A with 
that of detector B. If either frequency is 
higher, a d-c potential appears on capaci¬ 
tor C\ of polarity dependent upon which is 
greater, frequency A or frequency B. 
The potential, which is a measure of 
magnitude and direction of skew, then 
passes through the antiovershoot net¬ 
work and is impressed upon the relay tube 
which in turn operates relays and they 
in turn operate small contactors and 
finally the straightening motor contactor. 

Frequency Comparator 

Starting with the input amplifier A of 
figure 16, each impulse produces at the 
output transformer secondaries a full 
cycle of alternating current. The initial 
half cycle of this impulse makes tube A x 
conducting and thereby charges capacitor 
C 2A positive. The second half cycle of 
the impulse shuts off tube A x and makes 
tube A 2 conducting so that the charge 
accumulated by C iA is passed to C,. 
Thus, each impulse from A first charges 
Cn A positively to approximately one-half 
the supply voltage and then dumps t his 
charge into Ci on the next half cycle. 

Similarly, the first half cycle of impulse 
from B charges C 2B negatively to ap¬ 
proximately one-half the supply voltage 



Figure 11. Scanning disk 


and then dumps this charge into C% 6n the 
next half cycle. 

Thus, if impulses arrive from A faster 
than from 5, Ci will accumulate a posi¬ 
tive charge, and if the^^rri^^aster from 
B than from A, Ci Wil^^tmulate a 
negative charge. The charge across Ci 
is filtered by resistors R 3 and appears 
across C 3 .as the potential E which is a 
measure of the magnitude and direction 
uf, : the skew, . , ; 

ElECTMC^Ij E^jft^^RING 









Overshoot Prevention capacitor C\ in series with the correspond- 

Actual experience in operating auto- * n S grid. This produces no immediate 
matic weft-straightening controls has change because the capacitor C 4 has 

shown that care has to be exercised to zero voltage. However, as C 4 becomes 

prevent the correction from overshooting. charged, the negative voltage on the 

Consequently, the potential E cannot be grid decreases until the relay drops out, 

used directly on a polarized relay to ^ie straightener motor stops and the con- 

operate the straightening motor. returns to “out.” Capacitor C 4 is 

The network preceding the relay tube now charged and will discharge through 
prevents overshoot by doing two things: R* tending to hold the relay-tube grid 
first, it throws the straightener motor on positive and keep the motor stopped 

and off in such a manner as to cause the until C 4 is discharged. If there is still a 

correcting rate to be somewhat propor- considerable skew, however, the skew 

tional to the amount of skew; second, if control potential E will exceed the effect 

there is a considerable skew which de- die discharging C 4 and the relay will 
creases suddenly due to the cloth coming drop out right away and start the motor 
through more nearly straight, the network again. If E is small, a considerable time 

will shut off the straightening motor and elapse before the grid goes negative 

hold it off until the skew stops decreasing. enough to start the motor. Thus, Ihe 

The network is composed of simple circuit starts and stops the straightening 

resistors and capacitors coupled to con- motor frequently and the amount of time 
tacts on the motor relay contactors. die motor runs as compared with the 

This action may be explained by the amount of off time is a function of the 

circuit diagram. Under the conditions magnitude of the skew. For large angles 

of figure 16, the straightener motor is oi skew, the straightening motor will run 

not operated. If a skew comes along, most of the time and be off but a small 

Ci takes on a charge E, which throws one P art °* die time. On the other hand, for 

of the grids of the relay tube negative so small angles of skew, the motor will be 

that its relay drops out and doses the ^ most of the time and will run only a 

motor contactor. When this happens, small part of the time, 

the corresponding contact in the anti- This explanation covers more or less 
overshoot dreuit shifts to “in” placing the the static operation of the circuit. In 



any particular case, the skew-control 
potential E is likely to be changing con¬ 
tinuously. These changes are transmitted 
through the capacitor C 4 and if suffidently 
large will cause the relay circuit to 
operate on the direction of the change 
rather than upon the magnitude of the 
skew. Thus, if E is increasing, the ca- 
padtor C 4 will start the motor running 
more quickly than would have been the 


FIRST 


SECOND 



Figure 14. Schematic diagram of phototube 
amplifier 


case if E had not changed during the 
sequence of events. Thus, the dreuit 
antidpates to a considerable extent the 
coming skew condition of the doth and 
controls the straightening motor accord¬ 
ingly. 

Relay Circuit 

The relay circuit comprises a twin 
triode with a relay in each plate dreuit. 
The rdays are normally closed and are 
interlocked so that the motor contactors 
will be dosed only if one of the relays 
opens and the other remains dosed. 

Control Contactor Circuit 

The relays cannot handle the motor 
contactors directly so some control con¬ 
tactors are also necessary. These control 
contactors carry the antiovershoot con¬ 
tacts described above. 

Safety Circuit 

The circuit of figure 16 performs one 
additional function. In case a large skew- 
control potential appears, it is probably 
due to a fault. The doth may have torn 
or pulled out of the tenter on one side 
so that only one detector is functioning or 
a tube may have failed, the angle of skew 
may be too great for the detectors to 
handle, etc. Under these conditions, the 
safety circuit relay will drop out, opening 
the motor dreuit, light a red lamp or 
ring a signal, or both. 

Associated Equipment 

In addition to the scanning and control 
unit, the other dectrical equipment re¬ 
quired for automatic weft straightening 
includes the straightener motor with 
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brake and contactors. These devices 
must withstand frequent operation and 
reversals. 

Installation 

The installation of the equipment is 
simple, as the complete scanning unit is 
mounted on one bracket which bolts to 
the tenter rail, figure 9. The control unit 
is bolted to a wall or panel by four bolts, 
figure 15 C. 

Because of the high frequencies trans¬ 
mitted from scanning to control units, 
the connections between the two pieces 
of equipment should be as short as 
possible. 

The point at which the scanning units 
are to be installed is important in some 
cases. If the doth under the scanner is 
completely dry and not pliable, the fact 
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that it is straightened at that point does 
not mean it will remain straight after it 
leaves the tenter, because it will tend to 
return to the condition under which it 
was dried. * 

Cloth speed is important because it 
determines, together with thread count, 
the maximum frequency of the impulses 
to be handled. The equipment is now 
rated at a maximum of 140 yards per 
minute. At this speed with 80 threads 
per inch, the thread frequency is 6,720 
per second. With a skew of approxi¬ 
mately four inches in 40-inch-wide cloth, 

Figure 15. Control unit 

A (left) Completely assembled 
B (lower left)—Main cover removed 
C (lower right)—Chassis cover removed 


Figure 16. Schematic diagram control unit 

the frequency one scanner must handle 
is approximately 12,000 per second. 

The maximum frequency to be handled 
may be further raised by the presence of 
“bow” in the cloth. Although symmet¬ 
rical bow affects both scanners similarly 
and consequently does not cause opera¬ 
tion of the straightener, bow may, in 
special cases push the frequency beyond 
the range of the amplifier, or it may be of 
such a sharp angle that the weft threads 
pass the light spot at such an angle that 
they do not intercept it. Figure 17 
illustrates typical forms of skew and 
bow. 

Cloth Limitations 

Most doth is of the type illustrated in 
figure 2, although in much of it the num¬ 
ber of warp threads per inch may be 
greater than the number of weft threads. 
All such doth, however, has a rectangular 
texture when held up to the light and 
practically all of it can be adequately 
straightened by the weft straightening 
control. Some doth, however, is woven 
to form patterns or the threads may not 
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Figure 17. Typical forms of skew and bow 


interlace adjacent threads. In such 
cases, each kind of doth must he in¬ 
spected closely to determine whether it 
can be handled by the automatic scan¬ 
ning unit. In many cases, cloth has 
actually been straightened ^which ap¬ 
peared hopeless at first inspection. 
Loosely woven marquisettes with large 


tufts have worked very well, even though 
each tuft blocks off a large part of the 
optical system. 

The optical system was originally 
designed to handle 100 by 100 thread 
count which was thought to be about as 
fine as would be found. Experience now 
shows, however, that cloth with many 
more warp threads than weft threads is 
more difficult to handle than the finest 
square weaves. For instance, in some 
types of broadcloth with a weave of 
60 by 136, the large number of small 
warp threads has little or no bending 
effect upon the relatively large weft 
threads and consequently the warp 
threads mat together and in some cases 
leave practically no interstices. 

Another factor decreasing the amount 
of light is the amount of sizing applied to 
the doth. In the cheaper grades of 
cloth, the interstices appear completely 
filled. However, the sizing must be at 
least slightly transparent, because in all 
cases so far encountered, successful 
straightening has been accomplished 
after some experimenting with proper 
location of the scanning unit. 

As might be inferred, a color has no 
effect upon the operation of the control. 
The dye is a part of the thread fiber and 
does not fill the interstices. 

Maintenance 

In any equipment such as this, the 
question of maintenance is important. 
Controls have been in operation over a 
period of several months without atten¬ 
tion and this is to be expected. The 
equipment contains, however, a number 
of electronic tubes having a life rating 
of 1,000 hours although experience has 
shown this rating to be conservative. 
The two lamps will ordinarily last several 
hundred hours, but this will depend to 


some extent upon the amount of vibra¬ 
tion of the particular machine to which 
they are connected. 

The dectrical circuit in these controls 
is necessarily somewhat complicated for 
ordinary servicing. To fadlitate such 
servidng, the phototube amplifier units 
and the control units are interchangeable, 
and in case of failure, a new unit can be 
substituted in a very few minutes. AH 
connections are made by plugs so changes 
of units require no wiring. 

Application 

Several commerdal installations of the 
automatic weft-straightening control have 
been made in conjunction with the dif¬ 
ferential-gear-type straightener, typical 
of which, is that at the Danvers Bleach- 
ery, Peabody, Mass. Cotton sheeting 
after bdng bleached and washed is 
finally sized in a twenty-foot tenter 
where it is automatically straightened, 
just prior to entering the dry cans. 
Figure 18 shows the arrangement of the 
scanning and control units, and figure 19 
the complete tenter with dry cans in the 
background. 
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Protector-Tube Application 
and Performance on 
132-Kv Transmission Lines — II 


By PHILIP SPORN 

fellow aiee 


I. Introduction 


The USE of protector tubes (previ- 
■ ously referred to as expulsion protec¬ 
tive tubes or “deion” gaps) during the 
past five years or so as devices for pro¬ 
tecting transmission lines and equip¬ 
ment against lightning has gained con¬ 
siderable headway, particularly in the 
protection of high-voltage transmission 
lines. A number of applications have 
been made in the medium voltage trans¬ 
mission field, a few in the low-voltage 
field, and a number of scattered instal¬ 
lations for protection of equipment and 
cables. 

Since the protector tube was first pro¬ 
posed! as a protective device, considerable 
experience has been gained in maHrij . 
practical use of this device in the field. 
The development of any new type of 
equipment usually consists of a period 
of experimental work in the laboratory 
followed by field tests and then more or 
less limited operating experience before 
the merits of the device are fully proved* 
This situation has been true of the pro¬ 
tector tube, which is now well past the 
first two stages of its development. As 
a matter of fact, the application and 
operating performance of the protector 
tube have found quite frequent space in 
the technical literature during the past 
few years. 2 ' 5 ' 7 ' 9-13 

The performance of protector tubes 
on two 132-kv lines was described by the 
authors in a paper* presented two years 
ago. Since that time three additional 
132-kv lines of the interconnected trans¬ 
mission system have been equipped with 
protector tubes. It is the purpose of this 
paper to now discuss the tube application 
to these lines, to give their operating per¬ 
formance, and to summarize the. experi- 


I. W. GROSS 
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ence which has been obtained on the ap¬ 
plication and performance of protector 
tubes on some 250 miles of 132-kv lines 
equipped with these devices. 

II- System Analyzed 

, ^e Imes on which protector tubes were 
installed are 132-kv steel-tower lines of 
uie operating companies of the American 
Gas and Electric Company. These lines 
are constructed with one ground wire 
and use standard suspension insulators. 
The circuits are in vertical configuration 
AH tower structures are of the double- 
orernt type. The Roanoke-Fieldale, 
Fieldale-Danville, and Turner South 
Point lines are single-circuit. The 
Glenlyn-Roanoke line is double-circuit, 
one circuit only being equipped with 
protector tubes. The Philo-Newcomers- 

town and Newcomerstown-Canton lines 

were formerly a continuous line from 
Philo to Canton, but during the period 
when equipped with tubes, they have 
operated as separate line sections, al¬ 
though still located on the same double- 
circrnt tower structures which cany the 
still-existing Philo-Canton number 1 
Ime. More complete information on the 
characteristics of the above lines has been 
presented previously. 4 

In table I is given pertinent informa¬ 
tion on these lines as regards protector- 
tube application. It will be noted that 
the tube-equipped lines comprise 255 

Figure 1 . Roanoke-Fieldale-Danville 132 -kv 
pr °‘*5‘® r tub ** wW « grading shields added in 
1937 to improve lightning performance 


miles of line, 1,080 towers, and 3,240 
tubes. Dates of tube installation and 
tube current ratings are also given. 

m. Tube Design and 
Installation Considerations 

In an earlier paper,* what were believed 
to be the fundamental requirements of 
protector tubes were presented in some 
detail. With the added experience gained 
in the past three years from tube opera¬ 
tions, it is still believed that these same 
requirements are sound; they therefore 
will not be repeated here. It has de¬ 
veloped, however, that certain features of 
the tubes required still further considera¬ 
tion. Among these are aging character¬ 
istics of the tube, installation clearances 
at points where gas discharges are in¬ 
volved, delayed relay settings of pro¬ 
tected circuits to prevent circuit inter¬ 
ruption even though the tube has sue- . 
cessfully cleared the fault, and changes in 
the tube design to better its lightning 
performance and mechanical character¬ 
istics. 

Changes in Tube Design 

Some changes in tube design have been 
made as a result of the experience on the 
Glenlyn-Roanoke and Roanoke-Fieldale- 
Danville lines previously reported.* Such 
a change was the result of an attempt 
to provide a better voltage grading along 
the surface of the tube. One method of 
accomplishing this is shown in figure 1 
where grading shields have been applied 
to the tubes. This additional grading 
was provided on the Roanoke-Fieldale 
and Fieldale-Danville lines prior to the 
1937 lightning season. 

Another yiethod used to improve grad¬ 
ing along the tube was the use of a re¬ 
sistance material built into the tube itself. 
This type of construction was used on 
the more recent tubes installed on the 
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Figure 2. Protector tubes— V type—on 
Turner-South Point 132-kv line. Note double 
angle vent at air-gap end of ground tubes, and 
at bottom end of line tube on single-suspen¬ 
sion assembly. Double-suspension assembly 
has L vent at bottom end of line tube. These 
types used on Philo-Canton and Turner-South 
Point lines 


Philo-Newcomerstown, Newcomerstown- 
Canton, Turner-South Point, and most 
of the new tubes installed on the Glenlyn- 
Roanoke. 

A second change made in the new tubes 
installed on the Philo-Canton, New- 
comerstown-Canton, and Turner-South 
Point lines is shown in figure 2. This 
change deals largely with the venting of 
the gases. It will be noted that gases 
which formerly vented along the axis of 
the tube straight into the external gap 
have now been diverted with a Y fitting 
at the free end of the tube and so designed 
as to throw the gases clear of any con¬ 
ductor or grounded structure in the direct 
path of the discharge. Similarly, vent¬ 
ing at the rigid end of the tube has been 
changed to divert the gases by an L fitting 
to throw them away from the conductor 
or other hardware. This change in de¬ 
sign has been of a precautionary nature 
rather than on account of any extensive 
trouble developed in the initial design. 

Relay Settings 

Since the protector tube normally clears 
a fault in approximately a half cycle, 
precautions must be taken in the relay 
setup to insure that high-speed relays 
do not initiate the tripping circuit during 
the period when the tube is carrying cur¬ 
rent. In the tube installations on the 
Philo-Newcomerstown and Newcomers- 
town-Canton lines, it was recognized 
that the relay setup was such that in 
heavy short circuits near Philo, there was 
a possibility of the trip circuit being set 
in action even with normal tube operation. 
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However, to check the limit of low time 
to which these relays could be set, they 
were permitted to operate for two sea¬ 
sons with a minimum time of approxi¬ 
mately one to P/2 cycles. During the 
last two years, eight relay operations 
have taken place with perfect tube per¬ 
formance thus indicating that relay time 


is%o short. Three of these occurrences 
took: place in 1936 and five in 1937. How¬ 
ever, no service interruptions were ex¬ 
perienced. Positive indication that this 
low time setting of the relay was the cause 
of the outage was evidenced by the fact 
that the circuit did not trip at the op¬ 
posite end. 

Results of tests, not reported in de¬ 
tail here, indicate that successful tube 
operation has occurred even in three 
cycles. This indicates that a minimum 
relay time of something in the order of 
two to three cycles may be desirable on 
a circuit where tubes are installed. An¬ 
other alternative may be the retention of 
one-cvcle relaying and the use of ultra 
rapid reclosing. 

Protector-Tube Current Ratings 

To successfully interrupt short-circuit 
currents on the Philo-Canton line pro¬ 
tector tubes, it was necessary to develop 
a tube of higher current rating than 
previously available. The design work, 
which was carried on prior to the instal¬ 


lable 1. Summary of 1 32-Kv Protector-Tube Installations 


Line Designation 


Calculated 

Num- Num- Fault Amps* 

Length ber her Date —-—— 

(Miles) Towers Tubes Installed Max. Min. 


Tube Rating 
(Amperes*) 


Max. Min. 


Vents 


Glentyu-Roanoke. 

Roanoke-Fieldale.... 

Fieldale-Danville. 

Philo-Newcomerstown. 

Newcomerstown-Canton. 

Turner-South Point.. 


Total 


65 270... 810...7/ 1/33...1960... 660... 2500. 

3990.. .1250... 5000. 

37... 164... 492...4/10/34...1960... 660... 2500. 
31 . 137... 411...4/10/34...1350... 700... 2500. 

37 140... 420...9/ 1/35...9400...1400...10000. 

37 ];; 164... 492...9/ 1/35...5100...1400... 7500. 
48 . 205... 615...4/15/36...3160...1000... 5000. 

5830.. .1980... 7500. 

255...1080...3240 


.. 600...Anglef 
, . 900 

., 600.. .Straight 
.. 600.. .Straight 
.. 1300... Angle 
.. 1200... Angle 
.. 900... Angle 
..1200 


t Straight vents prior to 1937. * Root-mean-square. 


Table II. Protector Tube Operations/ Glenlyn-Roanoke 132-Kv Line 

(Data From Physical Inspection) 


Year 1933 


3-phase installations in service. ......... 

Equivalent single-phase installations in service... 

Normal tube operations: Top phase.. 

Middle phase.v • • 

Bottom phase.. 

Top and middle phases... 

Top and bottom phases. 

Middle and bottom phases. 

Top, middle, and bottom phases.. 

Total tubes.. 

Total towers...* * * * * 

Tube flashovers: Top phase. 1 

Middle phase. 

Bottom phase..... 

Top and middle phases... 

Top and bottom phases..'. 

Middle and bottom phases.. • • 

Top, middle, and bottom phases. 

Total tubes....>. 

Total towers... 


270.. 

810.. 

1 .. 

1 .. 

1 .. 

2 .. 

1 .. 

0 .. 

2 .. 

16.. 

9.. 

0 .. 

0 .. 

0 .. 

0 .. 

0 .. 

0 .. 

0 .. 

0 .. 

0 .. 


* Exclusive of tube target indications due to wind or vibration, 
t Including two cases of tube flashover to tower. 


Composite 

Fiber Tubes Tubes 


1934 

1935 

1936 

1937 

Total 

.270.. 

..270.. 

..270.. 

..270 


.810.. 

..810.. 

..810.. 

.,810 


. 14.. 

.. 10.. 

.. 36.. 

.. 30.. 

.. 90 

. 9.. 

.. 6., 

.. 16.. 

., 17.. 

.. 49 . 

. 8.. 

.. 3.. 

.. 14.. 

.. 4.. 

.. 31 

. 8.. 

.. 1 .. 

.. 10.. 

.. 6.. 

..27 

. 5.. 

.. 3.. 

.. 8.. 

.. 5.. 

.. 22 

. 3.. 

.. 2.. 

.. 6.. 

.. 2.. 

.. 13 

. 8.. 

.. 1 . . 

.. 8.. 

.. 7.. 

..26 

, 87.. 

.. 34.. 

..137.. 

.. 98.. 

..372 

. 55.. 

.. 27.. 

.. 97.. 

.. 71.. 

..259 

. 5.. 

2 .. 

.. 9.. 

.. 2.. 

.. 18 

. 4.. 

.. 5,. 

.. 10.. 

.. 0.. 

.. 19 

. 1.. 

.. 0 .. 

.. 5.. 

... 1.. 

.. 7 

. 0 .. 

.. 1.. 

0 .. 

.. 0.. 

.. 1 

. 0.. 

.. 0 .. 

.. 0 .. 

.. 0.. 

... 0 

. 1.. 

.. 0., 

.. 1.. 

.. 0;, 

.. 2 

. 0.. 

.. 0.. 

/. 1 .. 

.. 0., 

.. 1 

. 12.. 

... 9.. 

.. 29.. 

.. 3.. 

.. 53 f 

. 11.. 

... 8.. 

.. 26.. 

.. 3., 

.. 48 
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Table III. 


Protector-Tube Operations,* Rounoke-Fieldule 132-Kv Line 

(Data From Physical Inspection) 


„ With 

Composite Tubes Shields 


Tear 

1934 

1935 

1936 

1937 

Total 

3-phase installations in service.. 

■164 





Nvlr^ a if? lt u S1IlgIe " phase “stallations in service_ 

Normal tube operations: Top phase . 

.492... 

12 

..164... 
..492... 

..164... 

..492... 

...164 
.. .492 


Middle phase.. 

9 

A 

• • 20,♦, 

... 15... 

... 49 

Bottom phase. 


g 


.. . 20... 

... 46 
...56 
...20 
...15 
...18 
...47 
.. .398 

Top and middle phases.. 

Top and bottom phases 

Middle and bottom phases 

Total tubes Top ’ middle< and bottom phases. 

Total towers. 

. 5! ’ . J 

. 1.. . 

. 3... 

. 11... 

. 85... 

ft A 

. 0... 

. 0... 

. 1... 

. 5.. . 

. 33... 

. . 16... 
.. 8..., 
.. 2..., 
.. 8.... 
. . 14.... 
..124.... 

... 20.. . 
... 7... 

... 12... 
.. 6... 
... 17... 
..156... 

Tube flashovers: Top phase . 

Middle phase.. 
fiottom ptiRsc 

♦ 04. a * 

. 0... 

. 0... 

. 22... 

. 3... 

. 0... 

.. 78_ 

.. 1_ 

.. 3.... 

.. 97..., 
.. 2.... 
.. 4_ 

..251 
... 6 

7 

Top and middle phases 

Top and bottom phases. 

Middle and bottom phases. 

. 1... 

. 0..., 
0.... 
o_ 

. 0... 

. 0... 

. 0.... 

o 

.. 2.... 

.. 0.... 

. 0.... 

.. 3.... 

.. 0.... 
.. 0. 

.. 6 

.. 0 

.. 0 

Total tubes T0P • '“ d<lle ’ ““ b ° tt0m phases . 

Total towers. . 

0....’ 
1.... 

. o.*::: 

. 3.... 

u. * * . 

. o.... 

. 6 .... 

.. 1.... 

.. 0.... 

.. 11_ 

.. 1 
.. 0 

91 


—- —.. . 1 . 

* Exclusive of tube target indications due to wind or vibration.- 


Table IV. Protector-Tube Operations,* ReWale-Danville 132-Kv Line 

(Data From Physical Inspection) 



Composite Tubes 

With 

Shields 


Year 

1934 

1935 

1936 

1937 

Total 

3-phase installations in service 

137 





Equivalent single-phase installations in service . 

Normal tube operations: Top phase . 

Middle phase.. 

-411.. 

. 14... 

g 

••lo7.. 
-.411.. 
.. 0... 

..137.. 

-.411.. 
.. 15... 

.. .137 
...411 
... 14.... 

.. 43 

Bottom phase... 

Top and middle phases.... 

'I op and bottom phases. 

Middle and bottom phases 

Total tubes Top> ” liddIe * and bottom phases. 

Total towers. . 

Tube ilashovers: Top phase 

Middle phase. 

Bottom phase. 

Top and middle phases_ 

Top and bottom phases. 

. 8]!.’ 
. 4.. . 

. 3.. . 

. 7... 

. 4.. . 

. 70... 

. 48... 

. 0... 

. 0... 

. 0... 
2..., 
0.... 

• ♦ u.. 
.. 0... 

• • 0... 
.. 0... 
.. 0... 
.. 0... 
.. 0... 

0... 
.. 0... 
.. 0... 
.. 0... 
.. 0..., 
0. 

.. 7.. 

.. 13... 
.. 1... 
2... 
.. 1... 
.. 9... 

.. 70... 

.. 48.,. 
.. 0... 
.. 0... 
.. 0... 
.. 0..., 

... 15.... 
... 8.... 
... 5.... 

... 3.... 

... 4.... 

... 8..., 

. .. 86.... 

... 57.... 
... 0.... 
... 0.... 
... 0.... 

. .. 0 . 

.. 30 
.. 29 
.. 10 
.. 8 
..12 
.. 21 
. .225 
.. 153 
.. 0 
.. 0 
.. 0 
.. 2 

Middle and bottom phases 

Total tubes. , T ° P ’ ‘ mddle ’ “ d b ° tt0m phases . 

Total towers . . 

o.::: 

0.... 

4.... 

9. 

i o.:.*] 
. 0.... 
. 0.... 
A 

> < 0..., 

. 0.... 

. 0.... 

. 0.... 

... 0. 

... 0. 

.. 0. 

.. 0. 

.. 0 

. 0 

. 0 

. 4 

* Exclusive of tube target indications due to wind or vibration. 

• V. • ! » 

. 0. ... 

.. 0 . 

. 2 


IVi Tube Performance 

Performance of the tubes themselves 
imder lightning conditions during the 
time they have been in service up to and 
including 1937 (excluding Turner-South 
Point for 1937 only) is given in tables II 

VI, inclusive, for the six line sections 
listed in table I. 

Before commenting on the contents of 
these tables, it should be pointed out that 
the initial installation of tubes on the 
Glenlyn-Roanoke line made in 1933 was 
replaced in 1937 with an improved de- 



Fisure 3. Field test of 1,300/10,000- 
ampere, 132-kv protector tube discharging 
satisfactorily 17,800 crest amperes in one- 
half cycle 


lation of tubes for the Turner-South 
Point and Philo-Newcomerstown-Can- 
ton lines, resulted in a tube with a maxi¬ 
mum 60-cyde root-mean-square rating 
of 10,000 amperes. The field test of such 
a tube successfully discharging 17,800 
crest amperes is shown in figure 3. The 
current record of such a tube dtVb a r g {« c 
is given in the oscillogram of figure 4. 
Similar tests were reported previously 
on protector tubes before they were ac¬ 
tually installed on the Glenlyn-Roanoke 
and Roanoke-Fieldale-Danville lines ** 

Types of Tube Installations 
The installations previously reported* 
utilized protector tubes mounted on the 
insulator assemblies with three types of 
construction. In one, the tubes on the 


insulator strings were of the so-called 
V type, in the other, of the parallel type, 
and in the third, of the 30-degree typ^ 
but mounted on the structure. In the 
two more recent installations made on the 
Turner-South Point and Philo-Canton- 
Newcomerstown lines, the types of in¬ 
stallations have all been of the V type. 
This procedure was followed due to the 
fact that the 30-degree type is not par¬ 
ticularly desirable from a main ten a «/■.«» 
point of view as it clutters the tower 
structure rather badly. Further ex¬ 
perience with the parallel and V types 
had up to that time shown no particular 
superiority of either, and since the V 
type was somewhat simpler to install, 
the decision was made to make the in¬ 
stallation oh this basis. 



Figure 4. Protector-tube test successfully 
interrupting 17,150 crest amperes in one-half 
cycle. This type of tube now in service on 
Philo-Gantbn 132-kv line. (Field test No¬ 
vember 15-17,1934-internal tube pressure 
measured as approximately one ton per 
square inch) 
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Table V, Protector-Tube Operations/ Philo-Newcomerstown 132-Kv Line 

(Data From Physical Inspection) 


Composite Tubes 

Year 1935 1936 1937 Total 


3-phase installations in service..140.. 

Equivalent single-phase installations in service.420.. 

Normal tube operations: Top phase. . 0.. 

Middle phase. 0.. 

Bottom phase. 0.. 

Top and middle phases. 0.. 

Top and bottom phases... 0.. 

Middle and bottom phases. 0.. 

Top, middle, and bottom phases.. 0.. 

Total tubes... 0.. 

Total towers. 0.. 

Tube flashovers: Top phase. 0.. 

Middle phase. 0.. 

Bottom phase... 0.. 

Top and middle phases,.... 0.. 

Top and bottom phases. . 0.. 

Middle and bottom phases. 0.. 

Top, middle, and bottom phases. 0.. 

Total tubes.;.. 0.. 

Total towers. 0.. 


* Exclusive of tube target indications due to wind or vibration. 


140. 

420, 

20 . 

3. 

1. 

1. 

0 . 

1 . 

2 . 

34. 

28. 

1. 

0. 

0. 

0. 

0. 

0. 

0. 

1. 

1. 


140 

420 

17. 

9. 

2. 

4. 

2 . 

0. 

4, 

52, 

38, 

0 

0 

0 

0 

0. 

0. 

0. 

0. 

0. 


37 

12 

3 

5 
2 
1 

6 

86 

66 

1 

0 

0 

0 

0 

0 

0 

1 

1 


Table VI. Protector-Tube Operations/ Newcomerstown-Canton and Turner-South Point 

132-Kv Lines 

(Data From Physical Inspection) 


Newcomerstown-Canton, 

Composite Tubes Turner- 

—- South Point 

Year 1935 1936 1937 Total 1936 


3-phase installations in service..164, 

Equivalent single-phase installations in service.. 492. 

Normal tube operations: Top phase. 0. 

Middle phase. 0. 

Bottom phase... 0. 

Top and middle phases. 1. 

Top and bottom phases. 0. 

Middle and bottom phases. 0 . 

Top, middle, and bottom phases;. 0. 

Total tubes. .. 2 - 

Total towers.... 1 • 

Tube flashovers: Top phase. 0. 

Middle phase... 0, 

Bottom phase... 1 • 

Top and middle phases... 0. 

Top and bottom phases. 0. 

Middle and bottom phases. 0. 

Top, middle, and bottom phases. 0. 

Total tubes. 1« 

Total towers.... • • 1 • 


* Exclusive of tube target indications due to wind or vibration. 


.164.. 

..164... 


....205 

.492.. 

..492... 


....615 

. 13.. 

.. 22... 

.. 35.... 

.... 14 

. 8.. 

.. 10... 

.. 18.... 

.... 6 

1 .. 

,. g... 

.. 6 _ 

.... 6 

. 6 .. 

.. 3... 

.. 10 .... 

.... 5 

. 2 .. 

.. 1 ... 

.. 3.... 

.... 2 

. 2 .. 

.. 0 ... 

.. 2 .... 

. 0 

. 2 .. 

.. 3... 

.. 5.... 

.... 4 

. 48., 

.. 54... 

.. 102 .... 

.... 37 

. 34.. 

.. 44... 

.. 79.... 

.... 52 

. 0 .. 

... 0 ... 

.. 0 .... 

.... 0 

. 0 .. 

.. 0 ... 

.. 0 _ 

. 0 

. 0 .. 

.. 0 ... 

.. 1 .... 

.... 0 

. 0 .. 

.. 0 ... 

.. 0 .... 

.... 0 

. 0 .. 

.. 0 ... 

.. 0 .... 

.... 0 

. 0 .. 

.. 0 ... 

.. 0 ..,. 

.... 0 

.. 0 .. 

.. 0 ... 

.. 0 .... 

. 0 

. 0 .; 

... 0 ... 

.. 1 .... 

.... 0 

. 0 .. 

... 0 ... 

.. 1 .... 

.... 0 


Table VII. Performance of Flashedl-Over Protector Tubes 



Glenlyn- 

Roanoke- 

Fieldale- 


Tube Operation 

Roanoke 

Fieldale 

Danville 

Total 


51 . 

....,20,... 

_ 4 . 

..75 

nrl^li ftWA fl a oVft At/AfQ .... ........... 

. 1 ..,. 

. ..., 1 .. 

.. 0 - 

.. 2 

Tubes with: one normal operation before flashover.. .. 

...... 7.... 

.....4..., 


..11 

two normal operations before flashover. .. 

.0.... 

..... 6 .... 


.. 6 

one normal operation after flashover . 

...... 6.... 

.....2- 


,. 9 

two normal operations after flashover. ... 

...... 0..., 

.0.... 


.. 0 


sign of tube. The initial tubes were all system, have the improved waterproof 

fiber and had reached the end of their Textolite covering. In the analysis that 

useful life at the end of four years. Since follows, therefore, it should be borne in 

it was found that the fiber, when exposed mind that the performance of the Glen- 

without protection to the weather, had lyn-Roanoke line during 1936, when the 

experienced serious deterioration, the new all-fiber tubes were reaching the end of 

tube installation on this line, as well as all their useful life, is somewhat worse than 

other tubes now in service on the l32-kv would, be expected from more modem 
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design tubes even in only reasonably good 
condition. The data in the tables de¬ 
finitely indicate that tube deterioration 
on the original tubes had become serious 
by 1936. 

Of the 810 tubes in service on the 
Glenlyn-Roanoke line during the past 
five years, there has been a total of 372 
successful tube operations, 51 tube 
flashovers, and 2 tube failures where in¬ 
ternal pressure burst the tube (table X). 
On a percentage basis this gives 87.1 per 
cent successful tube operations, 12.4 per 
cent flashovers and 0.5 per cent failures. 
However, if the high flashover record of 
1936, when the all-fiber tubes had badly 
deteriorated is omitted, the record shows 
93 per cent successful operations, 6 per 
cent flashovers and 0.5 per cent failures. 

Of the 492 tubes in operation on the 
Roanoke-Fieldale line (table III) 398 
normal operations occurred during the 
four-year period. There were 21 tube 
flashovers and one tube failure. This 
performance can be stated on a percent¬ 
age basis as 94.8 per cent successful 
operations, 5 per cent tube flashovers, 
and 0.24 per cent tube failures. On the 
Fieldale-Danville line where 411 tubes 
were installed 98 per cent of the tube op¬ 
erations were successful and two per cent 
resulted in tube flashovers. There were 
no tube failures on this line in four years’ 
operation. As the tube type, rating, 
age, and method of installation were 
identical on the two above lines (Roa¬ 
noke-Fieldale and Fieldale-Danville) the 
difference in tube performance can be 
accounted for only on the basis of fre¬ 
quency and severity of lightning con¬ 
ditions encountered. 

The record of tube operations on the 
Philo-Newcomerstown, Newcomerstown- 
Canton, and Turner-South Point lines 
(tables V and VI) was much better. For 
these three lines there have been two 
flashed-over tubes in addition to 123 
successful operations, and two ruptured 
tubes. This gives 97 per cent successful 
operations, 1.5 per cent tube flashovers 
and 1.5 per cent tube failures. 

It will be noted in general that a very 
much better performance is indicated on 
the Fieldale-Danville, Philo-Newcomers¬ 
town, Newcomerstown-Canton, and Tur¬ 
ner-South Point lines than was obtained 
on the initial installation of tubes on the 
Glenlyn-Roanoke line where the all-fiber 
tubes were used. It is believed that this 
better performance is due in part not 
only to the comparatively short time the 
tubes have been in service (two to three 
years) but also to the improvements in 
design on the newer tubes worked out 
in the period elapsed between the instal- 
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Table VIII. 132-Kv Prelector Tubes Disrupted in Service (1933 to 1937, Inclusive) 


- • • Tube Line 

Kef. Line Tear Phase Location Tripout Remarks 

8R....G-R....8/ 8/37....Middle.Line.No....Tube ruptured. Top and bottom phase 

tubes operated O.K. Tower current 
10,300 amperes. Ground-wire current 
17,700 amperes. 

1R....G-R... .6/17/37. ...Middle....Ground. ...No.. ..Tube ruptured. Severe lightning. No 

other tubes operated. No tower current. 

113.. .. R-F .... 9/10/36.... Middle.Line.?.Tube ruptured. Top phase tube operated 

O.K. Bottom phase tube dashed over. 

246.. ..N-C.... 8/21/36.Top.Ground.... No.... Tube blown off. Fiber threads stripped. 

6-P-C-8/25/36.Top.Line.No.. ..End of tube blown off. 


Table IX. 


132-Kv Protector Tubes Having Repeated Operations (Normal and Flashover) 

(Observed by Target Indication) 


Olenlyn-Roanoke Roanoke-Fieldale Fleldale-Danville 


Number of 

Tube _ __- 

Operations Number Per Cent Number Per Cent Number Per Cent Number Percent 


2 . 

..63.. 

.12.4. 

.79 

3. 

.13.. 

. 1.6. 

.14 

4. 

. 8. 

. 1.0. 

. 1. 

6 . 

.. 0.. 

. 0. 

. 0. 

Years operation.. 


..5. 



2.0 . 2 ..... 

0.2 . 0 .. 

0 . 0 . 


0 . 6 . 

0. 

0. 


....184.12.9 

....29. 1.7 

.... 9,. 0.4 

. 0 . 0 


lation on the Glenlyn-Roanoke lin e and 
these installations. 

An analysis of the performance of the 
flashed-over tubes, made in table VII 
shows that out of 75 tubes which flashed 
over, 11 or 13.7 per cent experienced 
only one normal operation before flash- 
over. Six or eight per cent experienced 
two normal operations before flashover. 
Further analysis shows that nine tubes 
or 12 per cent underwent one normal 
operation before external flashover had 
occurred. The above operations are, of 
course, those noted by target indication 
and may have actually been somewhat 
greater due to the possible occurrence 
of multiple strokes. 

Tubes Blown up in Service 

When initially applying protective 
tubes for line protection, the possibility 
of tube failure due to exceedingly high 


lightning currents and to 60-cyde cur¬ 
rents either above or below the tube 
rating was considered. . As pointed out 
in table I, the 60-cycle maximum and 
minimum short-circuit currents of each 
line were calculated, and tubes selected 
to cover the range of 60-cycle currents 
expected: It is gratifying, as will be 


seen from table VIII, that the record 
of exploded or blown-up tubes for all lines 
during the entire time when tubes have 
been in operation, totals only five, and 
that of these five tube failures, four re¬ 
sulted in no line tripout, and there is no 
absolute certainty that a line tripped 
out even in the fifth case. The experi¬ 
ence cited, therefore, seems to indicate 
that the tubes have been applied within 
their actual rating, and that the tubes 
have the ability to safely interrupt 60- 
cycle currents that can reasonably be 
demanded of them. Trouble from ex¬ 
cessive lightning stroke currents disrupt¬ 
ing a tube and producing a line outage 
appears, from records so far obtained, to 
be negligible. 

Repeated Operation op Tubes 

The number of times a tube may be 
called upon to interrupt currents in 
service must be considered in estimating 
the life of the tube. To throw some 
light on this situation, multiple opera¬ 
tions recorded on the tubes from physical 
inspection of targets in the field have 
been analyzed and are given in table 
IX. This record shows that during the 
five-year period of operation studied here, 
184 tubes have operated twice, 29 tubes 
three times, 9 tubes four times, and 
none five times or more. 

As pointed out under “Multiple 
Strokes” discussed later, additional duty 
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Figure 5. Multiple lightning stroke (five 
strokes in eighteen cycles) cleared success¬ 
fully by protector tube. (Oscillogram num¬ 
ber 20—June 18, 1937—1 : 05 p.m.—stroke 
to Roanoke-Fieldale-Danville 132-kv line.) 
Note reversal of line polarity at instant of 

strokes 
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Figure 6. Multiple lightning stroke (three 
strokes in 13 1 /* cycles) which developed into 
line fault (Oscillogram number 36—July 10, 
1^37—4s45Vi P- m 0* Stroke to Roanoke- 
Fieldale-Danville 132-kv line 
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Table X. Line Outages Caused by Lightning on Tube-Equipped 132-Kv Lines Before and 

After Tube Installation 



Glenlyn- 

Roanoke 

Roanoke- 

Fieldale* 

Fieldale- 

Danville* 

Philo- 

Newcomers- 

town** 

Newcomers- 

town- 

Canton** 

Turner- 

South 

Point 


65 

_ 37 

. 31 

. 37 

. 37 . 

. 48 

Years in service without tubes. . 

3 

7 

7 

. 11 

. 11 . 

. 1 

5 

.. 4 

. 4 

. 2 

. 2 . 

. 2 

Lightning outages: 

1927 . . 

.. 16 . . 

. 9.5 . 

.7.9 

. 1 

. 1 . 

_ 

1928... 

..4 .. 

. 7.6 . 


. 3.5 

. 3.5 . 

- — 

1929 . 

..23 .. 

. 12.1 . 

. 10.1 

. 3 

. 3 . 

.... — 

1930. 

..10 .. 

.17.5 . 

. 14.5 

. . 1.5 

. 1.5 . 

.... — 

1931. 

.. 22 .. 

. 13.3 . 

. 11.3 

. 3.5 

...... 3.5 . 

.... — 

1932 . 

.. 4 .. 

. 4.5 . 

. 3.8 

. 1.5 

. 1.5 . 

.... — 

1933 . 

... Of .. 

. 9.7 . 

. 8.1 

. 2.5 

. 2.5 . 

- — 

1934 

,.. 9 

_ _ 1 

. 2 

. 6 

. 6 . 

_ 

1935 . 

.. 5 

. 3 . 

. 1 

. 7 

. 6 . 

• • • • 2tt 

1 Q 9 A 

,.. 28 

. 7 . 

. 1 

. 2 

. 1 . 

.... IT 


d 

.12 

. 0 

. 1 

. 2 . 

.... 0 

Outages per 100 miles of line per 
vear without tubes . 20.0 .. 

....29.0 .. 

. 29.0 . 

. 8.86. 

. 8.56.. 

... 4.16 

With tubes. 

.. 14.2 .. 

....15.0 .. 

. 3.2 . 

.4.1 . 

. 4.1 ., 

... 1.04 

Ratio: with tubes to no tubes. 

... 0.71.. 

.... 0.52.. 

. 0.11. 

. 0.46. 

. 0.47.. 

... 0.25 

Ratio: average of six lines - 

.. — .. 

.... *™ .. 

. 0.42. 

. ~~ ’ 




* Outages prorated 1927-1933 when part of Roanoke-Roxboro line. ** Outages prorated 1927-1935 

when part of Philo-Canton line. t Three outages occurred before tubes were installed July 1, 1933. 

tt In,service seven months. T Tripped at one end only; relays set for three cycles. 



tube-equipped lines both, before and 
after the tubes were applied. 

The outage record of the six line sec¬ 
tions previously referred to is given in 
table X from 1933 (or date of line in¬ 
stallations) to 1937, inclusive. The rec¬ 
ord of outages on a 100-mile-per-year 
basis both before tubes were installed 
and after are given in the lower part of 
the table. It will be noted that the line 
outages range from ten per cent to 70 per 
cent of the outages on the same lines prior 
to tube installation. Such a comparison, 
of course, should include an evaluation 
of the lightning severity and frequency 
during the period under comparison, two 
factors which are difficult to evaluate. 
In general, however, it will be noted that 
the reduction in outages made averages 
well over 50 per cent when tubes are 
used. 

While the performance of the protec¬ 
tor tube is to prevent line outages, it is 
also true that when installed on one cir¬ 
cuit of a double-circuit line where one 
circuit only is sufficient to carry the load 
momentarily during an interruption, 
the number of double-circuit outages is a 
major basis on which to judge the tube 
performance. It will be noted in table 
XI that in the two-circuit lines involved 
(Philo-Newcomerstown-Canton and Glen¬ 
lyn-Roanoke) the two-circuit outages 
have, for a two-year period, been entirely 
elimin ated on the Philo-Newcomerstown 
line and have been reduced to 36 per cent 
on the Glenlyn-Roanoke line. Exclud¬ 
ing 1936 when the Glenlyn-Roanoke 
tubes had deteriorated, the double-cir¬ 
cuit outages on this line averaged 1.25 
per year for a four-year period or 13.3 per 
cent of the average double-circuit out¬ 
ages before tubes were installed. An¬ 
other point of interest in this table is 
that the outages on the nontube-equipped 
line in each case have likewise been re¬ 
duced in the order of 16 to 24 per cent. 


is placed on the tube by the multiple 
stroke. The above data give, however, 
fairer indications of hpw many times 
lightning may be expected to occur at a 
given location than they indicate how 
many times a particular tube may be 
called upon to operate. For example, if 
a tube is subjected to the effect of four 
lightning strokes in a five-year interval, 
and these are multiple strokes each time 
and the multiple stroke has, say seven 
successive discharges, the tube would, of 
course, be subject to 28 discharges during 
the five-year interval. From the fact 
that only five tubes have been completely 
disrupted by internal pressure in the 
five-year experience cited herein, and 
four of these tubes failed (perhaps under 


conditions of direct lightning stroke) it 
seems quite evident that our experience 
to date does not indicate that sufficient 
internal erosion can be expected in the 
tubes, in four years at least, to become a 
serious hazard totheir life or performance. 

V. Line Outage Record 

While the performance^ of ^ 
itself, that is, its ability to interrupt 
60-cyde or lightning (^ents trith^ 
damage to itself or without eternal 
flashover is important, it must not be 
forgotten that the ultimate goal of the 
tube is protection of the line from flash- 
over or tripout. It is therefore of para¬ 
mount interest to study the record of the 


While the periods analyzed are com¬ 
paratively short, particularly in the case 
of the Philo-Newcomerstown-Canton line 
and it may therefore not be representa¬ 
tive qf what can be expected over a long 
period of time, it appears, however, that 
the tube-equipped line has reduced the 
number of outages on the nontube line. 
It is quite reasonable to expect this as 
well as a reduction in double-circuit out¬ 
ages.. v . 

':VL;-ttiil^e Strokes 

• During the time that the protector 
tubes were in service on the Glenlyn- 
Roanoke line, an investigation on this 
line jointly conducted with the General 
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Electric Company has produced some in¬ 
teresting data on the lightning conditions 
under which protector gaps are required 
to operate. A crater-lamp oscillograph 6 
was installed at Roanoke for the past four 
years and many records of the tube per¬ 
formance were obtained thereby. The 
summarized data on multiple lightning 
strokes as obtained by the crater-lamp 
oscillograph in conjunction with pro¬ 
tector-gap operations is shown in table 
XII. It will be noted that successive 
strokes in one lightning discharge range 
from two or seven. The polarity of the 
conductor when line fault is initiated, that 
is, when lightning presumably strikes, 
might be expected to be predominantly 
positive on the basis that some 90 per 
cent or more of observed lightning strokes 
to line are of negative polarity. The 
record in table XII shows that of 300 
faults, including single and multistroke 
faults, in 59 per cent of the cases, the 
faulty conductor is positive, in 34.5 per 
cent they are negative, and in 6.5 per 
cent of the cases, the conductor is near 
zero potential. Even with the multiple 


stroke there is no consistency shown in 
the stroke occurring successively to the 
conductor or to the conductors which are 
positive. The conclusion may be drawn 
therefore although the tendency to be 
struck is much greater when the line is 
positive than when it is negative, never¬ 
theless when lightning is ready to strike 
the line, it often strikes irrespective of 
the 60-cycle polarity of the line wires. 

VII. Conclusions 

From the data presented above based 
on five years of operation in service, and 
other records and related information too 
voluminous to present and discuss here, 
the following conclusions seem justified: 

1. Protector tubes, when applied within 
their rating, appear able to operate without 
mechanical rupture under all but a few 
infrequent currents encountered on a trans¬ 
mission system. Even when rupture occurs 
the faulted line may not and generally will 
not trip out. 

2i Internal tube erosion, as an agent in 
reducing the current interruption capacity 
of the tube has not, in five years* operation. 


appeared as a factor limiting the tube life. 

3. The multiple lightning stroke is a factor 
tending to shorten the tube life of the tube. 
However, rapidly recurring discharges in a 
multiple stroke have been successfully inter¬ 
rupted by the tube (three discharges in three 
cycles have been interrupted satisfactorily). 

4. In applying tubes for line protection 
considerable care should be given to ade¬ 
quate disposal of the discharge gases. Two 
cases were found where the tubes had appar¬ 
ently flashed to the tower as a result of im¬ 
proper dispositions of gases. Several cases 
of slightly pitted conductors have also been 
observed where the gases were expelled 
directly onto the line conductors. 

5. The operation of tube life is still an 
incompletely solved problem. From a 
weighing of the present knowledge concern¬ 
ing the theory and performance of tubes it 
would appear that life depends largely on 
the weathering qualities of the exterior of 
the tube covering or surface. 

6. The weathering qualities of the tube, 
and their relation to the tube protective 
features need further study and investiga¬ 
tion. It is suggested that the rate of system 
recovery voltage may be closely related to 
this aspect of the problem. 

7. Relays on tube-protected lines should 
either have a definite minimum time to 


Table XII. Polarity of Phase Potential at Occurrence of Fault 

Multiple Strokes to Roanoke-Danville Circuit 


1934 


1935 


Record number . 40.. 43.. 48.. 49.. 51.. 57..72.. 73 

Number of discharges.... 2.. 2.. 4.. 3., 2.. 3 2 7 

Phase 1.-I- + ., -4- X «4-_ _l» j. _i a a 

ph *“ 2 .+ +:.+ + -+::- + t:;+;f + + ° ++ 

.. •• + ++ . 

1937 


1935 


Phase J 


9... 19 ..40.. 45 

•• *••• 7 .. 2.. 4... 

..+-...-++X++ ::++::++++ 

..-+...+ + -- 


Record number. 6 

Number of discharges.... 4 

Phase 1...-j-o 

Phase 2. 

Phase 3.. .;. 


44 47 48 

3 2 -+ 5 
+ + 


9 20 25 36 41 43 

4 3 3 3 2 3 

- + - -00-M) - - j- 

+ + + + ?0 --M- + + + + + - - + + + 

+ - + +-- +-+ ++ - + + 0 - + - + + 

Multiple Strokes to Glenlyn Circuit Number 1 
_ 193 $ 1937 


Record number. 10.. 28.. 52.. 54.. 58..74... 31.. 54 

Number of discharges_ 2.. 3. 3 4 9 o o * 

Sj-j .. o ......:: 0 ++:: -+. 

.. ••++..-++..+«o ..w’.ww’; 


Phase 3. 


Single Strokes to Danville Circuit 


Record number.. 
Phase i......... 

Phase 2......, 

Phase 3.... 


Record number. 
Phase 1..»... 
Phase 2,........ 

Phase 3 ........ 


. .18. .20..21..27..33.,. 5..15..16, .24..27..28..46..50..63..67..79,.89..96 

. 

.. 


Single Strokes to Glenlyn Circuit Number 1 
1934 v 1935 1936 1937 


... 3. . s. .10,.12..13..23..27..28..38..44,.02..64...12..26... 6..37.. 4.. 8 19 
■•••••• + — 0 . 0 ...... . +; .+. 


Total 
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59 

2 

- + 

83 90 

4 2 

+ + - + 

92 

3 

+ + -. 

.... 25.. 

. 26.. 

. 7 

— 

+ + - - 

+ - +. 

.... 44.. 

. 18.. 

. 3 
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+ +- 

- +. 

.... 23.. 

. 15. . 

. 1 


5.. 

8 .. 

5.. 


___._ 1934 _ , 1935 
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initiate the oil circuit breaker trip circuit of 
not less than two to three cycles, or as an 
alternative, when using one cycle relaying, 
breakers should utilize ultrarapid reclosing. 

8. When properly applied the tube protects 
the line insulators against lightning flash- 
over. No flashovers of insulator strings 
protected by tubes has so far been observed. 

9. Protector tubes have reduced line out¬ 
ages over 60 per cent on the average and 
show a reduction as high as 89 per cent in 
the case of one line. 

10. Reductions in service outages on two- 
circuit lines of over 85 per cent have been 
obtained by equipping only one line with 
tubes (omitting the one year’s experience, 
1936—on the Glenlyn-Roanoke line when 
the initial design tube had become defec¬ 
tive). 

11. On two-circuit lines, with one line 
tube-equipped, outages on the nontube line 
have been reduced by from 16 to 26 per cent. 
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Discussion 

E. J. Allen (General Electric Company, 
Pittsfield, Mass.): The authors are to be 
commended for a most comprehensive sum¬ 
mary of 132-kv protector-tube operation. 
The large amount of operating experience 
accumulated and presented in this paper 
represents a total of over 10,000 tube-years 
of service. 

Figure 1 of the paper shows the grading 
shields applied to the protector tubes on 
both the Roanoke-Fieldale and Fieldale- 
Danville lines just prior to the 1937 light¬ 
ning season, as a means of reducing external 
tube flashovers due to lightning. Table 
III indicates 11 tube flashovers in the 1937 
lightning season, whereas there were 6 in 
1936 before the shields were added. It is 
therefore of interest to analyze this rela¬ 
tionship. 

Analysis shows that there are two types 
of protector-tube mountings on these lines; 
one the V mounting and the other the 
parallel mounting. These mountings were 
described in a previous paper 1 by the au¬ 
thors. With grading rings on the parallel- 
mounted tubes in 1937, no external flash- 
over s occurred except in one questionable 
instance. Out of 450 parallel-mounted 
tubes equipped with shields in 1937, 113 
normal operations were recorded. Most 
of the parallel-mounted tubes, or 73.5 per 
cent, are located on the Fieldale-Danville 
section, where no external flashovers were 
reported. 

The 11 external flashovers listed in table 
III for the Roanoke-Fieldale line, however, 
occurred entirely on the V-mounted tubes. 
Eighty-two per cent of the V-mounted 
tubes are located on the Roanoke-Fieldale 
line, where the external flashovers were 
reported. 

Analysis of reported flashovers shows that 
8 out of the 11 external flashovers classified 
in table III were apparently not external 
tube flashovers. In all 8 cases where this 
was believed to have occurred, the single 
suspension V-mounting, as shown in figure 1, 
was installed. Targets located on the lower 
(line end) tubes had operated in every case, 
and hence the tubes must have discharged 
internally. The flashover occurring subse¬ 
quently was probably due to discharge 
gases from the upper tube improperly con¬ 
tacting the line. The design of tube shown 
in figure 2 with gas deflector readily over¬ 
comes this difficulty. On this basis there 
would have occurred not more than three 
external tube flashovers on the Roanoke- 
Fieldale line in 1937, where grading rings 
are installed. As table III will show, this 
is a 50 per cent reduction as compared with 
the 1936 season, although in 1937 the tubes 
were called upon to operate 36 per cent 
more frequently. * 

The field data on repeated operations 
and multiple strokes presented in the 
paper, indicate that the chances of any in¬ 
dividual tube having a large number of 
repeated operations is remote. Except in 
possibly a limited number of cases where 
uuusually high line exposure to lightning 


exists, this is in agreement with conclusion 
2 of the paper. 

Moreover, on lines having an unusually 
high impulse spark-over level, advantage 
can be taken of the surplus margin of pro¬ 
tection offered by the tube in order to re¬ 
duce the number of tube operations to a 
minimum. This is accomplished by in¬ 
creasing the protector tube series gap setting 
above normal, so that the impulse spark- 
over is also increased. 2 Care should be 
taken, however, to allow not less than 20 
per cent margin of impulse protection to the 
line insulation. By this procedure, the lesser 
magnitude surges would not cause unneces¬ 
sary tube operations, but at the same time, 
the protection level of the tube would be 
adequate to prevent insulator flashovers or 
outages. For the first few structures out 
from stations, however, it is probably de¬ 
sirable to retain the normal series gap set¬ 
tings in order to minimize the magnitude of 
impulse waves entering the station. 

As the authors point out, the principal 
objective of protector tubes is the protec¬ 
tion of a line from lightning flashover and 
resultant line outage. Table X shows pro¬ 
tector tubes have reduced line outages over 
50 per cent on the average, with a reduction 
as high as 89 per cent in the case of one 
line. It is particularly significant that 132- 
kv protector tubes of modern design in¬ 
stalled on one circuit of the Philo-New- 
comerstown-Canton line, a distance of 74 
miles, double circuit outages have been en¬ 
tirely eliminated over a two-year period. 
Prior to the installation of protector tubes 
on the one circuit, this line had an average 
of 3.66 double circuit outages per year 
over the preceding nine years. 
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K. B, McEachron (General Electric Com¬ 
pany, Pittsfield, Mass.): One might infer 
from the last sentence of the section entitled 
“Multiple Strokes” that the polarity of the 
line might be expected to have some control 
over which conductor would be struck. 
There seems to be no good justification for 
such a point of view. Rather, it is assumed 
that as a rule the ground wire will be struck, 
but which tube operates as the tower po¬ 
tential rises is determined to a considerable 
degree by conductor polarity at that instant. 

Table XII shows sill of the data plotted 
with respect to polarity of the protector- 
tube follow current. Considering the suc¬ 
cessive discharges of a multiple stroke as a 
single discharge, follow current occurred 178 
times when the conductor involved was 
positive, 102 times when it was negative, 
and 20 times when the potential was re¬ 
corded a 9 zero. The per cent positive, 
negative, and zero are 59.8, 33.5, and 6.7. 

Considering only those discharges which 
involved but one phase, it is found from 
table XII of the paper that 50 times the 
polarity of the follow current was positive 
and 12 times it was negative. This is 
shown in table I. 

The number pf successive discharges as 
shown in figure 4 vary up to 12 as a maxi- 
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Table I. Polarity of Follow Currents When 
One Phase Only 1$ Involved 


Polarity of Follow Current for 
Multiple Strokes Single Strokes 

- - Total 

Phase Posi- Nega- Posi- Nega- per 

Involved tive tive tive tive Phase 


1 .9 .3.15.2.29 

2 .10.2.7.4.23 

3 .4.1.5.0.9 

Total.23.6.27.6 


mum. Sixteen per cent of all the strokes 
and 61 per cent of the multiple strokes con¬ 
sisted of at least three discharges, while 4 
per cent of all strokes and 16 per cent of the 
multiple strokes had at least five dis char ges. 

Lewis and Foust 1 have found that of 358 
strokes recorded during the years 1934, 
1935, and 1936 through tower legs of trans¬ 
mission lines, approximately 95 per cent 
were negative. Sufficient data are now 
available both from the present investiga¬ 
tion and in the laboratory,* so that it is 
quite certain that the most positive con¬ 
ductor will in general fiashover first with a 
negative impulse applied to the tower or 
ground wire. This follows since the im¬ 
pulse and the system potential to ground at 
that instant are additive if the impulse is 
applied to the tower end of the insulator 
string. 

Perhaps the fact that 95 per cent of the 
strokes are negative, while but 81 per cent 
of the follow currents with one phase in¬ 
volved are positive, is partly explained by 
the possibility of a small but unknown 
number of strokes to line conductors rather 
Ilian to the ground wire. From table XII, 
it is found that phase 1 had 24 positive and 
5 negative follow currents when but one 
phase was involved, phase 2 had 17 positive 
and 6 negative, while phase 3 had 9 positive 
and 1 negative follow currents. The top and 
bottom phases, which are phases 1 and 3, 
had 83 per cent and 90 per cent positive 
follow currents, while the corresponding 
figure for the middle phase was 74 per cent. 
This might indicate that the middle phase 
conductor was struck more frequently than 
the others. However, the' data are not 
sufficiently good to draw such a conclusion 
definitely. 

According to Bewley, 8 the coupling fac¬ 
tor between the ground wire and the line 
conductors would be 0.278, 0.205, and 
0.160 for the top, middle, and bottom con¬ 
ductor. On this basis, one would expect 
the bottom protector gap to operate first, 
since the coupling is only a little more than 
half that of the top conductor. 

However, the data show that the top con¬ 
ductor (table I of this discussion) had single 
follow currents involving one phase only 29 
times, while the middle and bottom con¬ 
ductors were involved 23 and 9 times, re¬ 
spectively. If it is assumed that negative 
follow currents mean strokes to the con¬ 
ductor when but one phase is involved, and 
further assumed that as many strokes 
occurred to the single conductor when posi¬ 
tive as when negative, it might be inferred 
that the top phase conductor was struck 10 
times, the middle conductor 12 times, and 
the lower conductor 2 times. On this basis, 
the ground wire was struck 27 times, con¬ 
sidering the data of table I. This sort of 


analysis represents considerable specula¬ 
tion, and is probably pessimistic with re¬ 
spect to the number of times the ground wire 
was struck. 

Another factor which ought to be men¬ 
tioned is the effect of distance to ground. 
The ground ends of the insulators on the top 
phase are approximately 25 feet further from 
ground than the bottom conductors, which 
of course acts to increase the potential 
across the top expulsion protector tube com¬ 
pared with the others, and might be of 
importance if the applied wave were steep 
enough. 

Number of Conductors Involved 

If the number of phases which carry im¬ 
pulse current as a result of protector tube 
operation is an indication of the amount 
of current in the stroke, then the data 
given in table II seem to show that the 
multiple stroke is likely to contain more 
current than the single stroke, since of the 
discharges of the multiple strokes 35.7 per 
cent involved one phase, while 39.8 per 
cent involved two phases, and 24.5 per cent 
all three phases. The corresponding per¬ 
centages for the single discharges are 52.3 
per cent single phase, 37.0 per cent two 
phases, and 10.7 per cent three phases. 
Only 3 out of 13 multiple strokes, in which 
three conductors were involved simultane¬ 
ously, began with less than three tubes 
operating at once. This seems to indicate, 
based on these data, that the first discharge 
of the multiple stroke is likely to carry cur¬ 
rent at least equal to or greater than that in 
the succeeding discharges. 
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E. J. Wade (General Electric Company, 
Pittsfield, Mass.): The paper by Messrs. 
Spom and Gross is a valuable addition to 
the field data on the performance of pro¬ 
tector tubes. An attempt will be made in 
the present discussion to show that the data 
seem to indicate a definite relation between 
the number of expulsion tube operations and 
tower ground resistance, and also that the 
number of tubes which had repeated opera¬ 
tions is in close agreement with the number 
which would be predicted, based on the 
theory of probability, which allows an esti¬ 
mate to be made regarding the number of 
discharges through tubes due to multiple 
strokes. 



Figure 1. Effect of tower ground resistance 
on expulsion-tube operations 


Examining first the effect of ground re¬ 
sistance, figure 1 of this discussion has been 
plotted to show the relation between aver¬ 
age ground resistance and the number of 
tube operations per year for the Glenlyn- 
Roanoke and Roanoke-Danville lines. Since 
there is a definite difference in the ground 
resistance of the two halves of the Roanoke- 
Danville line, the two sections on either side 
of Fieldale have been considered separately. 

As shown on the graph, these data may be 
well represented by a straight line passing 
through approximately 50 operations per 
100 miles per year at zero tower resistance. 
If this interpretation is accepted, it means 
that the difference in the number of tube 
operations on the two halves of the Roa¬ 
noke-Danville line is due to variation in 
ground resistance and not to a difference in 
lightning severity as suggested in the paper. 
Where the resistance is higher there is more 
tendency for adjacent tubes to operate and 
less stroke current is required to cause opera¬ 
tion at the tower which is struck. The 
point of intersection with the ordinate at 
zero tower resistance may be an indication 
of the number of strokes which contact the 
line conductors. A similar analysis was 
made with regard to strokes contacting the 
line conductors and the relation between 
ground resistance and insulator flashovers in 
a discussion by S. M. Zubair (Electrical 
Engineering, volume 55, pages 277—9). 

Considering the number of tubes which 
may be expected to operate more than once, 
and assuming that any tube on the circuit 
is equally likely to be struck, regardless of 
whether or not it has previously operated, 
then the law of independent trials will 
apply. This is closely approximated by 
Poisson's law which may be written: 


Pm in) 


P 


€~ mp (mp) n # 

-:- the chance which a 

nl 

given tube has of being hit n 
times in m trials 

chance that a particular tube will 
operate on any one stroke 

_ 1 

number tubes installed 


Table II. Probability Calculations 



Number 

Tubes 



Tube Operations 



Line 

Installed 


One 

Twd 

Three 

Four 

period 

(Years) 

Glenlyn-Roanoke ... 


. . .Calculated. . 

....251.. 

.. . 66 ... . 

..115 

1 A 

R 

Fieldal e-Danville . . .. 


Field....... 

....228.. 

...63 . 

..13* 

,. 6.5_ 

. . JL.O • 

0 

• ... *0 

K 


...Calculated.. 

. 1..130.. 

...35.5.... 

. .9 • 

. .0.9. 

4 

Roanoke-Fieldale. .., 


Field ... 

....139.. 

...42 .... 

., 2 

A 

‘ ' A 


...Calculated. . 

....178.. 

...71 .... 

. ,10.2!!! I 

. .11 «• 

. .3.9. 

4 



Field . 

....215.. 

...79 .... 

..14 .... 

. .1 . 
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Figure 2. Probability calculation for expulsion tubes operating on 
Glenlyn-Roanoke line (neglecting multiple strokes) 



YEARS 

Figure 3. Probability calculation for expulsion tubes operating on 
Glenlyn-Roanoke line (including multiple strokes) 


n = number of times each tube 
operates 

m = total number of operations of 
tubes for the period being con¬ 
sidered 

Applying this to the Roanoke lines using 
the data from tables II, III, and IV of the 
paper, the results shown in table II of this 
discussion are obtained. The good agree¬ 
ment which is shown with the held data 
indicates that tube operations follow rather 
closely the probability law. The reason 
for the increasing discrepancy as the number 
of operations per tube increases is probably 
due to a few places on the lines which have 
unusually high exposure. This calculation 
is shown in figure 2 of this discussion carried 
out to a period of 32 years. It will be seen 
that the number of tubes which had six or 
seven repeated operations is very small 
even after a long period. 

These calculations may be taken as an 
indication of the number of tubes which 
would operate on a line passing over level 
country where the storms are equally dis¬ 
tributed. Of course this represents the most 
optimistic conditions as any line would have 
some degree of unequal exposure. How¬ 
ever, the calculated values check fairly well 
with the data from the Roanoke lines which 
are over mountainous territory which indi¬ 
cates that no great discrepancies may be 
expected. 

It is of interest to extend this calculation 
to include the number of discharges through 
tubes due to multiple strokes. Mr. Mc- 
Eachron’s paper shows that approximately 
30 per cent of the strokes over a period of 
years consist of more than one discharge, 
14 per cent of two discharges, 8 per cent of 
three, 4 per cent of four, 2 per cent of five, 
and the remaining 2 per cent of six or more. 

The probability that a tube will have a 
certain number of discharges during a 
given time is the sum of the probabilities 
of each of the various combinations of 
single or multiple strokes which can produce 
the assumed number of discharges. 

For instance, three discharges may be ob¬ 
tained by three combinations, namely, 

Three "single” strokes, 

One "single” and one "double” stroke. 

One "triple” stroke. 
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Similarly, for four discharges there are five 
combinations, for five discharges seven com¬ 
binations, etc. 

The probability of obtaining each of these 
combinations is found by taking the product 
of the probabilities for their components to¬ 
gether with the probability of not obtaining 
any additional discharges. 

The results of this calculationareshownby 
figure 3 and it appears that the chance of an 
excessive number of tube operations under 
conditions of equal exposure either due to 
successive hits or to multiple strokes is 
very small, since on the average the opera¬ 
tions will be rather evenly distributed over 
the total number of tubes. However, there 
may be a few cases of tubes having an ex¬ 
cessive number of operations due either to 
multiple strokes or to high ground resistance 
or to locations of excessive exposure. 

As a result of this study, excessive erosion 
due to a large number of tube operations, is 
very unlikely except in a very limited num¬ 
ber of cases. This agrees with conclusion 2 
of the paper. 

L. V. Bewley (General Electric Company, 
Pittsfield, Mass.): The data presented in 
this paper show that the protector tubes on 
the top conductors operate more frequently 
than those on the bottom conductor, in spite 
of the fact that the line is equipped with a 
ground wire, and therefore the coupling is 
materially more for the top than for the bot¬ 
tom conductor, being 0.30 and 0.17 per cent 
respectively. Such behavior also appears to 
be typical of insulator flashovers on lines 
equipped with ground wires. 1 There are 
possibly four explanations for such be¬ 
havior: 

Inadequate Shielding . By shielding is 
meant ground wires sufficiently high and 
properly placed so as to intercept the light¬ 
ning stroke and prevent termination on the 
line conductors. If the ground wire or 
wires are not adequate in this respect, a 
certain percentage of the lightning strokes 
will evade the ground wires and contact a 
line conductor. If this occurs, it is the top 
or middle conductor most likely to be 
struck. Zubair 2 has plotted flashovers as a 
function of tower footing resistance, and by 
extrapolating the curve to zero footing re¬ 
sistance has found the number of flash¬ 
overs independent of footing resistance. 
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He assigns, as the reason for these flash¬ 
overs, direct strokes to the line conductors; 
and arrives at a "shielding efficiency.” 
In the case of the Glenlyn-Roanoke line the 
shielding efficiency is 0.77, that is 22 per 
cent of the strokes contacted the line con¬ 
ductor. 1 Of course some of these flashovers 
independent of footing resistance may have 
been due to midspan flashover rather than 
to inadequate shielding. 

Tower Gradient . McEachron has sug¬ 
gested in his discussion that tower gradients 
may overcome the difference in coupling 
effect and impose flashover on the top con¬ 
ductor. Calculation shows, however, that 
a rather high gradient would be necessary 
to accomplish such a result. Let: 

E = instantaneous voltage at top of 
tower and on ground wire 
x « vertical distance from top of 
tower to top conductor 
y ■» vertical distance between top and 
bottom conductor 

C « coupling factor with top conductor 
C* =* coupling factor with bottom con¬ 
ductor 

G — gradient down tower in kilovolts 
per foot 

Then the voltages across the top and 
bottom insulators are respectively: 

V *= E — Gx — CE =* E(1 —C) — Gx (1) 

V' « E — G(x -H y) — C' E » 

E(1 - C f ) - G(x + y) (2) 

The difference in voltage is 

V' - V - E(C - C') - Gy (3) 

Solving (1) for E and substituting in (3) 
there results 

v - V = (F + Gx) - Gy (4) 

The gradient necessary to overcome the 
differential in coupling is that for which 
(V 7 — V) =» 0, and (4) gives 

<*> 

where V is now the insulator (or protector 
tube) flashover kilovolts of the top con¬ 
ductor. 
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For example, consider the Glenlyn-Roa- 
noke line which has a single ground wire and 
for which the coupling factors are C = 0.30 
and C' = 0.17 for the top and bottom con¬ 
ductors respectively. The vertical distances 
are x = 10 and y = 26 feet. The discharge 
voltage of the protector tube is about V = 
700 kv. Then by (5) 


G 


- 700 
(26 - 


/ 0.30 - 0.17 \ ^ 
\1.00 - 0.30/ 1 
0.30 - 0.17 \ 

1.00 - 0.30 10 ) “ 


5.4 kv per foot 


or a gradient of 5,400 kv per microsecond. 

Induced Voltage . When a direct stroke 
contacts a ground wire it imposes a negative 
potential on the stricken conductor and, by 
coupling, on all other neighboring conduc¬ 
tors. But the potentials existing on these 
conductors due to the release of their bound 
charges by the lightning discharge are posi¬ 
tive. This positive potential may or may 
not be greater on the top than on the bottom 
conductor, depending upon the heights of 
the conductors and their coupling factors. 
In the case of the Glenlyn-Roanoke line the 
positive voltage is greater on the top con¬ 
ductor by 30 per cent. Now let 4 


indicate that they should occur on many 
lines. This has lead to the speculation that 
lightning wave fronts are slower than those 
used in calculations (one or two micro¬ 
seconds). However, it may be possible, 
and certainly appears theoretically feasible, 
that midspan flashovers do occur, but the 
60-cycle midspan arc is robbed by a subse¬ 
quent insulator flashover at the tower. 3 
The mechanism of this possibility is envis¬ 
aged as follows: 

Suppose a lightning stroke contacts a 
ground wire at midspan and flashes over to 
the (top) line conductor. Then waves of 
equal voltage move toward the tower. At 
the tower the voltage on the ground wire is 
reduced to the RI drop of the footing resist¬ 
ance, but the surge on the stricken line con¬ 
ductor is not relieved. The insulator, or pro¬ 
tector gap, then flashes over to the tower. But 
the insulator arc is much shorter than the 
midspan arc, and the latter therefore ex¬ 
tinguishes, leaving the 60-cycle power arc 
across the insulator. Consequently the 
“evidence” exonerates the midspan; al¬ 
though the midspan flashover really precipi¬ 
tated the insulator flashover, and an in¬ 
sulator flashover would not necessarily have 
occurred if one had not taken place at mid¬ 
span. 


+e = voltage on top conductor due to 
bound charge 

+«' voltage on bottom conductor due 
to bound charge 

Then the voltages across the insulators for 
the top and bottom conductors respectively 
are, as in (1) and (2) 

V *- E(l-0-Gx+e (6) 

V ' - *(l-C0-G(*+y)+a' (7) 

and the difference in the voltages is 

V' - V - E(C - C') - Gy- (e ~ e') (8) 

Thus the bound charge voltages tend to 
neutralize the differential in coupling if, as 
in this case, e > e f . 

"Stolen Flashovers Operating experi¬ 
ence has failed to show concrete evidence of 
midspan flashovers, although calculations 
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Philip Spom and L W. Gross: As pointed 
out by Mr. Allen, of the 11 external flash¬ 
overs of tubes on the Roanoke-Fieldale line, 
only three appeared to be what might be 
called complete tube assembly flashovers, the 
other eight resulting from expelled gases 
contacting the line conductor and thus 
short-circuiting one tube only. This condi¬ 
tion was not experienced prior to the in¬ 
stallation of the grading shields on the gap 
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end of the V-type tubes. Analysis of tube 
faults at the time the paper was written had 
not brought out this point, and we are glad 
that Mr. Allen has mentioned it in his dis¬ 
cussion. It appears that this situation can 
be taken care of adequately by an alteration 
in the venting of the tube which certainly 
would be done in present-day new-tube 
application. 

We believe Mr. McEachron has misinter¬ 
preted our statement at the end of the sec¬ 
tion on “Multiple Strokes,” or perhaps the 
statement was not made entirely clear. 
What we intended to convey was that since 
the majority of lightning strokes are nega¬ 
tive it might be expected the positive con¬ 
ductor would develop power flashover first 
regardless of whether the lightning stroke hit 
the conductor or ground wire. A break¬ 
down of the data in table XII, however, 
does not indicate that this always is true as 
there are several cases where the faulted 
conductor is of negative polarity. 

The question of coupling, of course, is 
distinctly in the picture, and the discussion 
of Messrs. McEachron and Bewley on this 
point is an interesting speculation of what 
may be expected to occur. In breaking 
down the data of figure 12, however, it does 
not appear that the faults in every condi¬ 
tion can be justified on this basis alone. 

The phenomenon of the midspan stroke 
has always been one which has appeared 
quite possible in theory but its actual oc¬ 
currence has heretofore, at any rate not 
been substantiated by field experience as 
determined from physical damage to the 
line. Mr. Bewley's explanation of how this 
action would take place is most interesting. 
A large mass of data has been collected 
during recent years which, if thoroughly 
analyzed, might throw some further light 
on this subject. 

Regarding Mr. Wade's analysis of the 
probability of tube operations over a 
period of time, it is interesting to note how 
closely his calculations check with field 
experience. As mentioned in our paper, we 
do not feel, as a result of our own experience 
in the field, that erosion of the tube is a 
factor in determining its life even consider¬ 
ing the multiple nature of the lightning 
stroke. 
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Corona Voltages of Typical Transformer 
Insulations Under Oil — II 


By F. J. VOGEL 

ASSOCIATE AIEE 


S OME 13 years ago, Doctor L. Drey¬ 
fus 1 published a paper on insulation 
design of transformers. In this paper, 
he assumed that electrical breakdown 
adjacent to square edges was a function 
of the stress and the distance over which 
this stress acted; in other words, that it 
was a function of the voltage gradient 
along a line of force for some indeter¬ 
minate distance. By means of con¬ 
formal representation, he was able to de¬ 
termine the field shape at the comers of 
structures representative of those in 
transformers. He could then evaluate 
the strength of these various structures. 
His paper was principally mathematical, 
and it is the purpose of this paper to call 
attention to his work, to restate some 
of his assumptions and the conclusions 
that he reached, and to furnish some 
experimental data. 

In the discussion of the previous paper 
on this same subject, questions as to fun¬ 
damental data on the dielectric strength 
of oil were raised. Data on this subject 
are included and- it is shown that in 
practical transformer structures, Doctor 
Dreyfus’ assumptions seem to be correct. 
The relationship is shown that the break¬ 
down of barriers involving the use of 
square comers theoretically follows the 
two-thirds power of the barrier thick¬ 
ness. It is also shown that, due to Dr. 
Dreyfus, quantitative relationships ex¬ 
isting between different arrangements can 
be found and it is thought that they 
furnish a powerful tool for practical in¬ 
sulation design. 

The simplest arrangement of edges is 
that consisting of two edges opposite each 
other with various angles of opening a 
and 0 as shown in figure 1. 

It was found in Doctor Dreyfus’ paper, 
for the assumptions made, that the break¬ 
down strength would vary according to 
various powers of the distance d. For 
example, for p equals 180 degrees and a 

Paper number 38-52, recommended by the AIEE 
committee on electrical machinery, and presented 
at the AIEE North Eastern District meeting, 
Lenox, Mass., May 18—20, 1938. Manuscript 
submitted March 14, .1938; made available for. 
preprinting April 10, 1938. 

F. J. Vogel is division engineer with the Westing- 
house Electric and Manufacturing Company, 
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equals 90 degrees (shown in figure 2) the 
strength should vary as d 2 /a . If p equals 
180 degrees and a equals 0 degrees, the 
strength should vary as d 1/2 . If both 
equal 180 degrees, the strength was shown 
to vary directly as d. In addition, Doc¬ 
tor Dreyfus showed that for the case 
shown in figure 3, the breakdown strength 
should vary as d 2/3 . The mathematical 
solution and method of conformal rep¬ 
resentation can be found by reference to 
Doctor Dreyfus* paper or a textbook. 6 

Experimental Data for Air and Oil 

It is always of interest to check such 
mathematical calculations with experi¬ 
mental data to see how closely they agree, 
and to see whether the assumptions are 
sound. One sudi check would be to see 
if the dielectric strength between plane 
surfaces does vary directly with the dis¬ 
tance. In the case of air, data have 
been published by Schumann, 2 and checks 
have been made by extrapolating the data 
for spheres and rounded surfaces in air 
(figures 4 and 5). These show that the 
dielectric strength of air between plane 
surfaces does not vary directly with the 
distance, but rather as the 0.92 power of 
the distance. 

Cornered electrodes in air have been 
studied and the results for square-cor¬ 
nered electrodes are shown on figure 6. 
These results indicate that the dielectric 
strength for air between a square comer 
and plane does vary as the two-thirds 
power of the distance in agreement with 
the theory. 

With the above data for air in mind, it 
is of interest to consider similar data for 
the dielectric strength of oil. Figure 7 
shows data taken on bare rotmded elec¬ 
trodes under oil By extrapolating these 
curves, it is possible to arrive at the prob¬ 
able dielectric strength of oil between 



Figures 1 -3. Typical arrangements of elec¬ 


trodes with comers 
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planes as varying as the three-fourths 
power of the separation, as shown on 
figure 8. These data were taken in oil at 
room temperature, and are minimum ten- 
minute hold values, found by five suc¬ 
cessive tests at the same voltage. To 
agree with the theory, the variation 
should be directly with the distance. 

Data for conditions approaching square 
comers to a plane under oil have been 
published by Bellaschi, 3 and his results 
are shown in figure 9. The strength ap¬ 
parently varies about as the one-half 
power of the separation instead of as the 
two-thirds power. 

The conclusion might now be reached 
that the assumptions made in Doctor 
Dreyfus’ paper would not hold for oil 
alone. However, it is to be noted that 
transformers do not generally use oil 
alone, but various combinations of oil 
and insulating materials. 

Experimental Data for 
Insulation Combinations in Oil 

In the case of insulation barriers, much 
data have been previously published, 
For example, in the previous paper, 4 60-cy¬ 
cle and impulse data for the 2 3 /8-inch and 
4 3 / 8 -inch barriers were published. In 
these tests, the oil distance from the 
electrodes to the first or adjacent angle 
was varied for both thicknesses. It 
might be expected that the strength of 
the oil, say for a Va-inch space between 
the electrode and first angle, would be 


DISTANCE BETWEEN PLANES-CENTIMETERS 
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Figure 4. Breakdown voltage in air of sphere 
gaps with varying diameters at constant spacing 
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constant regardless of the barrier thick¬ 
ness. If so, one of the assumptions in 
Doctor Dreyfus* theory would be ful¬ 
filled, and the corona strength should 
vary with the two-thirds power of the 
thickness of the whole barrier; this was 
found to be the case. 4 It is of interest 
that the corona strength of the barrier as 
a whole decreased with increased space 
between the electrode and the first angle. 
The following conclusions can be drawn: 

1. The dielectric strength of oil depends 
greatly on the length of the oil space. It is 
greatly increased in terms of volts-per-inch 
by decrease in the jump distance. 

2. The work of Doctor Dreyfus holds in 
actual transformer structures and the di¬ 
electric strength varies as the two-thirds 
power of the thickness when the arrange¬ 
ment and allocation of square corners re¬ 
mains the same. 


Applications 

Once it has been shown that Doctor 
Dreyfus* assumptions are valid, a very 
powerful method of analysis becomes 
possible. Experimental work on bar¬ 
riers can be performed to determine the 
effect of various arrangements of insula¬ 
tion adjacent to the corner. For example 
impulse tests were made on a 4 3 /8-inch 
thick barrier under oil with seven inter¬ 
leaved angles, and also with only two 
interleaved angles. Also similar tests 
were made with the two angles dose to the 
electrode. These barriers were not 
vacuum filled with oil. The impulse 
strengths of these arrangements were as 
follows: 


w „ Impulse Strength 

Barrier Arrangement (Several Shots Only) 


Seven angles, equally spaced.1,020 

Two angles, separated...... 990 

Two angles, close together.. 1,200 


practically for 60-cyde design can be 
demonstrated as follows: 

Let us assume a barrier with an inter¬ 
leaved angle of one-eighth inch thick 
fullerboard not over three-eighths inch 
from a square edge. This approximately 
square edge is to be formed by a copper 
strap insulated with 0.120-inch thickness 



Figure 5. Corona voltage in air between 
rounded disks and plane, or between rounded 
surfaces, cylinders, etc., and plane at large 
separations 



Figure 6. Breakdown voltage in air with 
square-cornered electrodes 


These tests show the importance of 
the insulation arrangement adjacent to the 
comer. The designer can determine the 
effect of such simple arrangements of 
various kinds by tests. As described in 
the previous paper, to obtain maximum 
and consistent results, it is essential tha t 
there be no air included in the assembly. 

Once these data are obtained, Doctor 
Dreyfus has shown in his paper how they 
may be applied in practical designs. 
However, his work was mathematical 
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only, and it is easier for a designer to use 
curves than to work out formulas for each 
individucd case. Curves for some of the 
simpler cases applicable to practical de¬ 
sign are shown in figure 10. 

How these data and figures can be used 


Figure 7. Breakdown voltage in oil between 
rouiided’ttyftfte Jnd^ plane, 60 cycles. 

Heavy curves are fbr constant separation 
between surface and plane 
Diagonal lines represent constant ratio be¬ 
tween separation and radius 



Figure 8. Breakdown voltage In oil between 
plane surfaces 


JlOO 
\ 90 
f 80 

i 70 

i 60 
>50 


<2 40 


5 30 


0.2 


0,3 °- 8 '-0 
SEPARATION-INCHES 


1.5 2.0 


Figure 9. Breakdown voltage in oil with 
square-cornered electrodes 


of paper. Approximate data for such 
barriers are shown on figure 11. 

If we wish to determine safe insulation 
clearances, for the comer only, for a core 
type transformer, and for conditions 
where the space between windings and 
hence the reactance, is to be kept a mini¬ 
mum, we may refer to figure 10, case I. 
If we make H equal to about 2 it is 
seen that we can use the fundamental 
data from figure 11 multiplied by 0.93. 
It appears useless to make H, the distance 
to the yoke, much more than three times 
the space between windings. However, 
it may be desirable, for shell-type trans¬ 
formers, to keep the space between wind¬ 
ings and to the iron the same. To meet 
277-kv tests, with no factor of safety, a 
clearance of 2 7 /s inches for core type, or 
3.6 inches for shell type transformers 
might be used. These values, of course, 
should not be used in actual design but 
are given for illustration of the method 
only. ■ v ' 

Let us suppose that we desire to make 
a core-type transformer with a thin high- 
voltage coil as used in some types of 
series transformers. If the coil were to 
consist of a single layer, say one-half inch 
thick, we might apply the data from fig¬ 
ure 10, case IV. If we assumed three 
inches for ;m, the ratio k/tn would be 
V* or 0.167. From figure 10, the factor 
is 0.88. From figure 11, a three-inch 
separation would result in 315 kv 
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Figure 10. Effect of field form on insulation 
breakdown in oil of square-cornered electrodes 

V * LVo for cases I, II, and IV 

V — 2LVo for case III 

where Vo equals breakdown In oil between 
sharp corner and flat plate 


strength. Multiplying by the factor 
0.88 would give 277 kv strength as in the 
previous cases. 

It is clearly seen that factors for various 
conditions can be determined either ex¬ 
perimentally or mathematically. Thor¬ 
ough tests to determine the dielectric 
strength on one simple typical corner 
construction will then furnish very com¬ 
plete information for design purposes. 
The use of this method is not confined to 
60-cycle design alone, since it can be 
shown that it is equally well applicable 
to impulse-strength calculations. 

Conclusions 

The work of Doctor Dreyfus and the 
tests reported in this paper both show 
that the arrangement of the insulation 
at the comers of transformer windings is 
of great importance to the designer, and 
that to obtain the greatest strength the 
area under greatest stress must obviously 
be free from air. If this condition is ob¬ 
tained, consistent test agreement with 
the theory for square comers can be ob¬ 
tained, and so-called “form factors” can 
be developed for design purposes. Ex¬ 
perimental data for one reference con¬ 
dition can be derived which will be useful 
in general applications, and with “form 
factors” it is unnecessary to make count¬ 
less other tests for every variation in 
design proportions. 

References 

X. Uber die Anwendung dbr Thborxb dbr 
Konformbn Abbildung zur Berbchnung dbr 
Durschlags und Ubbrschlagsbrschbinungen 
zwischbn Kantigbn Konstructionstbilbn, Ar- 
chiv . EUctrot ., volume 13, 1924, page 123. 

2. Electrischb Durchbruchfbldstareb von 
Gasbn (a book), W. O. Schumann. 1923. 

September 1938, Vol. 57 



Figure 11. Breakdown and corona voltage in 
a typical interleaved barrier in oil with insu¬ 
lated electrode 
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Discussion 

V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): Mr. Vogel has 
presented some valuable fundamental data 
on the laws of the breakdown voltage versus 
spacing of air and oil. I shall confine my re¬ 
marks to the dielectric characteristics of oil, 
as air is seldom used as an insulating medium 


in power transformers other than around the 
outside porcelain of the bushings. 

My experience and data have borne out 
quite well the laws derived by Dreyfus, 
namely, that for nonuniform fields the 
breakdown voltage of oil varies approxi¬ 
mately as the spacing raised to the */* 
power, and for uniform fields the breakdown 
voltage varies approximately as the first 
power of the distance. My work was inde¬ 
pendent of Dreyfus' work. 

Figure 1 of this discussion shows that 
with 12-inch vertical disks having one-inch 
radius on the edges, the breakdown voltage 
of oil varies as the 0.92 power of the distance. 
These electrodes produced a fairly uniform 
field. I am at a loss to know why Mr. 
Vogel's values shown in his figure 8, giving 
breakdown in oil between plane surfaces, 
are so much lower than my values. I note 
that Mr. Vogel's breakdown voltage varies 
as the 0.77 power of the distance which does 
not agree either with Dreyfus' prediction, or 
with my data (0.92 power). 

Figure 1 also shows to what extent the 
breakdown varies for a given distance with 
and without pressboard in series with the 
oil. For example, the highest breakdown is 
obtained with a thin sheet of pressboard 
adjacent to each electrode in a vertical posi¬ 
tion. The lowest breakdown occurs with 
these electrodes (bare) in a horizontal posi¬ 
tion. The insertion of Vie-inch pressboard 
either half-way between the electrodes, or 
against one electrode only, has very little 
effect on the breakdown as obtained with 
oil alone in the gap. 

Figure 2 of this discussion shows the 
effect of the position of the two ten-inch 
electrodes on the breakdown of oil. These 
curves show that when the electrodes were 
horizontal, the breakdown varied as the 2 /a 
power of the distance. With the electrodes 



0.1 0.2 0.3 0.4 0.5 0.7 1.0 2 3 4 5 6 7 10 

DISTANCE —INCHES 

Figure 1. One-minute 60-cycle tests; breakdown voltage of oil between 12-inch disks in 
vertical position (unless otherwise specified) 


Temperature 25 degrees centigrade 

One-Inch radius—oil strength varied from 28 to 33 kv 

(One-Inch disks, 0.1-inch gap) 


A 

Vw-inch pressboard -f 15 /i« inch oil + Vss-inch pressboard 
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1 

Number of 
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1 
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X 
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Figure 2. Break¬ 
down voltage of oil 
between ten-inch 
disks, 60-cycle one- 
minute tests 

Temperature 25 de¬ 
grees centigrade 

Each point average 
of five tests 


vertical, the breakdown varied directly with 
the distance. The difference was due, no 
doubt, to the fact that impurities and gase¬ 
ous bubbles have a better chance to bridge 
the gap between horizontal electrodes than 
between vertical electrodes. Other tests, I 
believe, have shown that with deaerated 
pure oil there is no difference in the break¬ 
down between vertical and horizontal elec¬ 
trodes. This is a factor which was not 
taken into consideration by Dreyfus’ work, 
and it shows that breakdown will not al¬ 
ways follow predictions under, all condi¬ 
tions. 

Figure 3 of this discussion shows the 
effect of the shape of the electrodes on the 
breakdown voltage of oil. Briefly these 
curves show that: 

1. The highest breakdown is obtained with large 
vertical disks having well rounded edges. 

2. The lowest breakdown is obtained with a 
needle point and a plane. 

3. With the exception of the upper curve A, the 
breakdown varies very closely with the spacing 
raised to the 2 /a power (slope of lines - Vs on log 
log paper). 

Mr. Vogel’s figure 11, showing break¬ 
down of a typical interleaved barrier, checks 
very well my data on breakdown between 
interleaved windings where the dielectric 
field concentrates on the edges of the out¬ 
side coils of each group. 

These low breakdown values are typical 
of a construction having unprotected edges 
of coils surrounded by oil, which give off 
corona and break down at much lower volt¬ 
age than would be required in an approxi¬ 
mately' uniform field. The importance 
of protecting electrodes (or windings) 
against low corona voltage by properly in¬ 
sulating them, was brought out in my 
AIEE paper on '‘Co-ordination of Trans¬ 
formers for Steep Front Waves,” and pre¬ 
sented at last winter’s convention. Briefly, 
With a square edge line end electrode, corona 
occurred as low as 60 to 65 per cent of the 
single impulse voltage application strength, 
while with a proper design of the line end 
electrode the breakdown point was not only 
increased but corona did not occur until 
approximately 80 per cent of the single-shot 
kilovolt strength was reached. 

With ideal electrodes, distances far be¬ 
low those shown in figure 11 are possible. 
For example, a 138-kv oil-filled cable uses 
only approximately »/,, inch of paper be¬ 
tween the cable and lead sheath. In con¬ 
trast with this, figure 11 of Mr. Vogel’s 
paper shows that in an interleaved design a 
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distance of 2.5 inches will fail at 277 kv 
which is the test voltage of a 138 kv trans¬ 
former. In other words, the distance used 
must be (for a reasonable factor of safety) 
from six to eight or ten times that used in 
oil-filled cables. While the minimum dis¬ 
tance as used in cables can probably never 
be obtained in transformers, on account of 
less ideal electrodes, it is possible with con¬ 
centric windings to come nearer to the 
ideal flux distribution than the arrangement 
shown in figure 11. 

From the standpoint of obtaining uniform 
dielectric fields between windings, the con¬ 
centric type of winding offers many advan¬ 
tages to the designer, especially in cases 
where the line connection is brought out 
from the middle of the stack and the ends of 
the stack are grounded. There are no sharp 
comers to be protected and the dielectric 
field between windings is quite uniform. 

With this type of winding even when the 
line coils are on the ends of the stack, there 
are never more than four comers where the 
dielectric field must be improved and these 
can easily be taken care of by the buffer 
coils specially designed to keep the stresses 
below the corona point. 


F. J. Vogel: It seems to me that Mr. 
Montsinger, in his discussion, has lost sight 


5001 


of the principal conclusion. That is, that 
for similarly shaped square-cornered elec¬ 
trodes, in combination with insulation, the 
corona point and dielectric strength vary as 
the dimensions to the 2 /a power. Even 
where the edges are rounded slightly, simi¬ 
lar laws hold. The use of “form factors” 
provides the designer with a tool which 
enables him to vary proportions with se¬ 
curity and with a minimum of fundamental 
experimental testing. 

Mr. Montsinger has drawn his conclusions 
with regard to the breakdown of oil be¬ 
tween plane surfaces from data at two rela¬ 
tively small separations, and by average 
breakdown tests. I think the reason for the 
discrepancy in values mentioned by Mr, 
Montsinger is due to the method of test. 
The tests reported in my paper were the 
minimum of five ten-minute hold tests in¬ 
stead of average breakdown tests. This 
explains both the difference in values and in 
the variation of dielectric strength with dis¬ 
tance. It is of interest that for small sepa¬ 
rations, the breakdown voltage is not 
greatly affected by the use and location of 
fullerboard barriers. This is not the case 
with larger separations or if corona voltage 
instead of breakdown voltage is taken into 
consideration. 

Figure 3 combines on one sheet data on 
many different arrangements. They are of 
interest in not being consistent. Oil, not 
deaerated, nor carefully processed, varies 
greatly in dielectric strength. Curve B 
exceeds curve A at small separations. They 
should merge together if the breakdown 
voltage between planes varies directly as the 
distance. Either the values from B for 
small separations are too high, or the values 
from A for small separations are too low. 
The dielectric strength of oil between planes 
does not vary directly as the distance be¬ 
tween them if the latter is true. 

Curve E, figure 3, is for an electrode con¬ 
dition similar to figure 9 of my paper, and it 
is noted that Mr. Montsinger’s data are 
lower than mine for small separations and 
approximately the same for two-inch separa- 
tion. 

In the application of these data to de¬ 
sign, it has been found that the corona value 


A — Twelve-inch disk 
(one-inch radius) 
vertical 

B — Four-inch disk 
O/a-inch radius) 

C—One and three- 
eighths inch diameter 
rods (right angles) 

D — Four-inch disk 
(square edges) 

E^-Squa re - edge 
flange and plane 

F — Two needle 
points 

G—N e e dIe and 

^ anC 0 *» 0.2. 0.3 0,4 a5 0.7 1.0 

• DISTANCE- INCHES ^ " 

Figure 3. Sixty-cycle breakdown voltage of oil with different electrodes, one-minute tests 

Twenty to 25 degrees centigrade 

Oil strength ranged from 25 to 30 kv (one-inch electrodes, 0.1-inch gap) 
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Systematic Voltage 
and Application to 

By R. W. BURRELL 

ASSOCIATE AIEE 

W ITH the development of systems 
of distribution supplying light, 
heat, and power from common mains, 
the problem, of maintaining proper volt¬ 
age at consumers’ services has become 
extremely difficult. The efforts of dis¬ 
tribution engineers in solving system 
voltage regulation problems have ex¬ 
tended in many directions. To facili¬ 
tate these solutions, a need has been felt 
by many distribution engineers for some 
means of clarifying the approach to the 
voltage-regulation problem. The sys¬ 
tematic voltage survey, by presenting a 
comprehensive view of service voltage 
conditions, has been found, by utilities 
which make such surveys periodically, 
to serve this purpose effectively. This 
paper presents a procedure for conduct¬ 
ing systematic voltage surveys, based on 
the practice of various electric utilities, 
and a brief discussion of the application 
of voltage-survey data. 

Distribution systems are not static, but 
are in a continual process of develop¬ 
ment. In the course of rearrangements 
occasioned by load growth, some primary 
and secondary mains become too long, or 
overloaded, or distribution transformers 
become overloaded, with resultant ad¬ 
verse effect on regulation standards. To 
maintain voltage within system regu¬ 
lation standards under these conditions, 
the distribution engineer must have some 
method of ascertaining the status of serv¬ 
ice voltage conditions over the entire 
system. Because of the variable factors 
involved, it is impractical, if not im¬ 
possible, to calculate with any degree of 
accuracy the value of voltage at con¬ 
sumers’ services, involving as this may, 


and breakdown value can be made prac¬ 
tically equal. At any rate, the ratio be¬ 
tween corona voltages, impulse and 60 
cycle, can be made the same as the ratio 
between breakdown voltages, impulse and 
60 cycle. It is easily seen that if there is a 
definite ratio, that voltage values for im¬ 
pulse tests can be established from the 
present 60-cycle test values anil should be 
consistent. The value of 80 per cent as 
applied to the ratio between corona and 
singlet-shot kilovolt strength is not repre¬ 
sentative of "proper design.” 

The comparison of concentric types of 
winding with interleaved types is unfor T 
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Surveys—Procedure 
Distribution Design 

W. E. APPLETON 

ASSOCIATE AIEE 

approximations of load on primary 
laterals, distribution transformers, sec¬ 
ondaries, and services. The systematic 
voltage survey is an effective means of 
obtaining this information, and has 
proved to be a material aid to the dis¬ 
tribution engineer in providing good volt¬ 
age service. 

The procedure involved in making a 
voltage survey necessarily varies among 
different utility systems in accordance 
with individual system requirements. 
Data received from various companies 
regarding voltage survey practice indi¬ 
cate, however, that there is considerable 
uniformity in the consideration of cer¬ 
tain fundamental aspects. 

In considering plans for making a volt¬ 
age survey for the first time, engineers 
are concerned with certain phases which 
may be divided into the following cate¬ 
gories, namely, 

(a) Preliminary engineering considerations. 

(b) Preparation of data for field test forces. 

(c) Procedure for field testers. 

(d) Recording of tests, classification and 
tabulation of results. 

( e ) Analysis and application of data. 

Preliminary Engineering 
Considerations 

The value of a voltage survey is pri¬ 
marily dependent on the relative ac¬ 
curacy and the completeness with which 
the information obtained presents an in¬ 
dication of the true status of voltage 
conditions on the system. To insure the 
effectiveness of the survey from the stand¬ 
point of the final engineering use to be 
made of the data obtained, careful con¬ 
sideration must be given to the type of 


tunate, since the number of square comers 
is just the same (four) on the usual core 
type as in the shell-type winding with two 
high-voltage groups. However, no merit is 
seen in the number or lack of number of 
such corners since one or 20 can be insu¬ 
lated in the same way. Theoretically, some 
reduction in space between high-voltage 
and lpw-voltage windings can be made 
where the high-voltage lead is brought out 
at the center of the coil stack, but the out¬ 
side shield and its insulation required to 
obtain a satisfactory voltage distribution 
also takes space and offers difficulties 
avoided by other types of design. 
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readings desired, location and number of 
readings to be taken, time of taking read- 
ings/etc. 

Types of Readings 

There are two basically different types 
of voltage surveys—those taken by means 
of graphic instruments, and those taken 
by means of indicating instruments. 
Although the cost of a voltage survey is 
on the whole increased by the use of 
graphic instruments, the added cost is 
offset by the fact that a complete record 
of voltage variations and fluctuations 
over a 24-hour period is available, which 
in many cases adds greatly to the under¬ 
standing of the regulation problem. On 
the other hand, the use of indicating in¬ 
struments speeds up a voltage survey and 
allows the use of. a less highly trained 
personnel. The element of completeness 
is taken care of by increasing the number 
of readings taken. In this connection 
it may develop that a large number of 
indicating readings thoroughly covering 
an area will prove of greater value than a 
limited number of graphic records taken 
at a few points only, as the few graphic 
records may faii to disclose the extent of 
the poor voltage conditions. As a rule, 
a large number of indicating readings 
taken in an area should not fail to disclose 
low spots and high spots; and where 
conditions are suspicious, they may be 
supplemented by the more thorough 
graphic diarts. This is usually the prac¬ 
tice of companies which standardize on 
indicating readings. 

The use of graphic instruments permits 
a check on the average voltage supplied 
to a consumer, which is important as it is 
desirable that the average voltage sup¬ 
plied by a system shall match the rated 
voltage of equipment for best service to 
the consumer. Nevertheless, most sys¬ 
tems have set up limits of voltage serv¬ 
ice and their experience has been that 
if the greater part of the service voltages 
are kept within these limits, as indicated 
by spot readings, the average voltage 
supplied to the services will not deviate 
greatly from the system nominal voltage. 

Location and Number of Readings 

In arranging the details of survey pro¬ 
cedure, a most important point to be de- 

Paper number 38-48, recommended by the AIEE 
committee on power transmission and distribution, 
and presented at the AIEE North Eastern District 
meeting, Lenox, Mass., May 18-20, 1938. Manu¬ 
script submitted February 19,1938; made avail¬ 
able for preprinting April 26, 1938. 

R. W. Burrell is assistant engineer. Consolidated 
Edison Company of New York, Inc.; W. E. 
Appleton is division engineer, New York and 
Queens Electric Light and Power Company, 
Flushing, N. Y. 
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cided is the location at which readings 
should be taken. The voltage which in¬ 
fluences the operation of equipment is 
that which is directly supplied to the 
terminals of the equipment; however, it 
is not practical, for example, to measure 
the voltage at the lamp sockets. The 
next best point, therefore, is considered 
to be at the consumer’s service switch. 

Practical considerations preclude tak¬ 
ing voltage readings at all services. The 
number of readings taken should be suf¬ 
ficient, however, to represent a fair sam¬ 
pling in order that the results may be 
indicative of the conditions existing . To 
facilitate subsequent corrective meas¬ 
ures, readings should be taken at a suf¬ 
ficient number of service points to dis¬ 
close whether subnormal voltages are 
caused by primary circuits, secondary 
mains, or services. On radial systems 
readings should be taken at the consumer 
nearest each transformer and at a con¬ 
sumer at the end of at least the longest 
secondary branch. Where a secondary 
has several branches of unequal loading 
or a complicated configuration, judgment 
may dictate that more than one branch 
reading be taken. Special conditions 
may warrant taking additional readings 
at various points along the secondary. 

A careful analysis of secondary lay¬ 
outs, in establishing a voltage-survey 
procedure, will do much to eliminate un¬ 
necessary readings. Where considerable 
growth is taking place on a secondary sys¬ 
tem, a certain amount of secondary re¬ 
arrangement is made from year to year 
and successive voltage surveys must be 
made to conform. On the other hand, it 
has been found good policy in making 
successive surveys to choose locations in a 
consistent manner, and where no re¬ 
arrangement has been made, to choose ap¬ 
proximately the same locations as before 
in order that yearly comparisons of re¬ 
sults may be more closely indicative of 
actual change. 

On network systems many of the same 
points hold. As network secondary 
grids are fairly uniform in arrangement, 
a reading at the first consumer off the 
transformer and at one or two interme¬ 
diate points between transformers gener¬ 
ally suffices. Where the network grid is 
incomplete, additional readings on long 
spurs may be desirable. 

Number of Readings 
at Individual Locations 

The decision must be made as to 
whether or not all possible line-to-neutral 
readings should be taken at each loca¬ 
tion. ^ Practice naturally differs, but 
with indicating instruments, particularly, 
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the additional time and expense involved 
in taking more than a single line-to- 
neutral voltage would appear to be justi¬ 
fied by the information obtained regard¬ 
ing voltage unbalance. For this reason, 
where a choice of consumer locations is 
available, three-wire services are to be 
preferred to two-wire services. In the 
case of three-phase secondaries the read¬ 
ings should be taken, wherever possible, 
on a three-phase service. It may be de¬ 
sirable to read the line-to-line voltages 
as well as the line-to-neutral values—the 
former for reference and check purposes, 
the latter for comparative records. 

Time at Which 

Readings Are Taken 

In a district which is predominantly 
residential, the peak load will usually 
occur at some hour during the evening in 
the winter. If a district is on the average 
an industrial district, the peak load will 
usually occur at some hour during the day 
and may be either in the summer or in 
the winter. There may be some resi¬ 
dential load in an industrial district and 
some industrial or commercial load in a 
residential district, but if these loads 
make up only a small portion of the en¬ 
tire area, the expense of surveying them 
separately may not be justifiable. In 
general, the readings should be taken at 
the time the peak load is occurring in the 
district. 

The time of the year and the extent 
of time over which the survey will be 
conducted will be determined ordinarily 
by the load characteristics of the system 
and the personnel available for carrying 
on the field work. Common practice is to 
schedule the ordinary lighting-load sur¬ 
vey over the winter months and the sur¬ 
vey on industrial loads and summer re¬ 
sorts over the summer period. This 
allows a year-round distribution of work 
on the field test forces. It has been 
found convenient by some systems to 
schedule daytime industrial-load read¬ 
ings as well as night lighting-load read¬ 
ings over the “winter peak” period to fit 
in better with the routine work of the 
field forces and relieve special personnel 
requirements. 

Where seasonal variation of load over 
the “winter peak” period is limited, it 
may be feasible to schedule the voltage 
survey for any time during the period 
from October to April. If the load varia¬ 
tion is considerable, it still may be de¬ 
sirable to take readings over a long period 
and correct voltage readings for varia¬ 
tion of system demand. Such voltage 
readings can be corrected to allow for 
the difference between the feeder load 
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at the time the readings were taken and 
at the time of feeder peak. 

Generally speaking, readings in resi- 
dental areas will be taken on week-day 
nights from 6:00 to 10:00 p.m. It may 
be desirable to take readings in store¬ 
load districts on Saturday nights. In 
industrial districts readings may be taken 
between 9:00 a.m. and 4:30 p.m. with 
allowance for the noon-day load dip. 
Where there is any doubt, an analysis 
of feeder load characteristics will indicate 
the desirable time for a particular area. 
Corrections for “off time” readings are 
not generally made, unless they are found 
on the “border line.” 

Preparation of Data 
for Field Test Forces 

With the question of type of data de¬ 
cided, thought must next be given to the 
procedure for obtaining the data. 

Prior to the beginning of field opera¬ 
tions a certain amount of engineering 
study will generally be found necessary. 
The territory should be divided into the 
districts by which it is desired to keep 
records. Whether the territory consists 
of a closely built up urban area or an ex¬ 
tended system with natural divisions, 
it will usually be found advantageous to 
proceed with the survey in terms of such 
districts as best fit the system, such as by 
towns, substation districts, or arbitrary 
divisions used in connection with existing 
operating records. For convenience it 
may prove advantageous to subdivide the 
major divisions to correspond to the group¬ 
ing of secondary circuit maps. Tabu¬ 
lation of the readings by districts, adopted 
on this basis, will facilitate the an¬ 
alysis of voltage conditions and help in 
the consideration of plans for system 
reinforcements. Further tabulations can 
be made according to types of load, for 
example, residential-commercial and in¬ 
dustrial readings. 

Some form of indication must be de¬ 
vised to indicate to the field forces where 
and when readings are to be taken. This 
can be done by using secondary maps as 
the direct medium of designating the 
locations at which readings are to be 
taken, as illustrated in figure 1. These 
secondary plates are designated by plate 
numbers to which the survey records 
are indexed. 

A procedure for using these plates in 
connection with indicating readings is as 
follows: A volume, consisting perhaps 
of approximately 100 blueprint plates 
covering a district, can be inspected by 
one or more engineers familiar with the 
secondary system to determine the lo- 
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SECONDARY CIRCUIT MAP 5 - 73 



Figure 1. Secondary-circuit maps adapted for voltage-survey use. Test locations shown and indicating readings recorded directly on secondary blueprints 


































Figure 2a. A-c radial-system voltage survey, 
Verona district. Night readings 





Figure 2b. A-c network-system voltage survey 
Night readings. Summary of all districts 



Figure 2c. Service entrance voltages during 
principal lighting hours, district A 


cations at which readings should be 
taken. These locations can be indicated 
by arrows on the secondary plates as 
shown in figure 1, using a color code for 
the arrows, for example, as follows: 

Network System 

Night readings (lighting toad)—yellow 
Day readings (industrial load)—green 



Figure 3. A-c radial-system voltage survey 
Readings outside normal range 
Summary of all districts 

Figures 2 (left) and 3 (above). Typical charts 
summarizing service voltage conditions on the 
distribution system as disclosed by the voltage 
survey 

Radial System 

Night readings (lighting load)—red 
Day readings (industrial load)—white 

The differentiation by colors between 
network and radial systems will aid in 
the final classification of readings for 
tabulation purposes. The field forces 
are interested only in the distinction 
between day and night readings. 

After a volume has been “marked up” 
for locations, box forms should be stamped 
on the blueprints, using contrasting in¬ 
delible ink, adjacent to the arrows, as 
shown in figure 1. The box forms should 
be large enough to contain the readings 
recorded by the testers. After a suf¬ 
ficient area has been covered, the marked 
up plates should be sent out for field 
readings. 

The plates should be marked up and 
forwarded to the field forces in the order 
in which it is desired to cover the system. 
The variation between peak loads in dif¬ 
ferent districts can be considered and in 
some cases certain districts can be re¬ 
served for the later part of the survey to 
allow for the completion of certain system 
arrangements, substation cut-ins/feeder 
changes, etc. 

Procedure for Field Test Forces 


set up the instruments, see that the pens 
are inking properly, and to check the 
calibration of the graphic instruments. 
Where several graphic instruments are 
to be set up at a location, a crew of two 
men may not average more than one 
location per hour. Although locations 
may be farther apart on radial systems 
than on network systems, the time factor 
is partially balanced by the preponder¬ 
ance of three-phase locations on the net¬ 
work, which require more instruments. 

In using graphic instruments, the peak- 
hour limitations are avoided, as the in¬ 
struments are generally set for 24 hours 
and can be installed at any convenient 
time. Test crews therefore are able to 
spend a greater proportion of time in the 
field than is possible with indicating in¬ 
struments, especially when readings are 
confined to the hours of 6:00 to 10:00 
p.m. 

Transportation of instruments by truck 
is desirable in connection with a graphic 
instrument survey. A light delivery 
truck can be used to deliver instruments 
at a dozen or so locations, with the field 
crews following by foot, trolley, or bus. 
A routing sheet will indicate to delivery 
crews and installation crews the locations 
to be covered by each. 

The use of indicating instruments re¬ 
quires less time per location. The num¬ 
ber of locations covered per man may 
average four or more per hour. The 
equipment carried by these men should 
be as light in weight as possible, con¬ 
sisting of not more than a voltmeter, 
leads, a small tool bag, and maps. A 
temperature correction curve for the 
voltmeter should be included as consider¬ 
able variation in temperature may take 
place during an entire survey period, 
affecting readings as much as one or two 
volts. Indicating voltmeters should be 
tested daily for accuracy. 

Bach tester can be given a new set of 
maps daily, leaving the unfinished read¬ 
ings of several testers from the previous 
day to be completed by testers traveling 
in trucks. During severe winter weather 


Voltage surveys covering large systems 
involve a considerable amount of field 
work. Although the test procedure is 
no different from that of routine tests, the 
personnel requirements are not so readily 
solved and may have a material influence 
on the specific form of procedure adopted. 

The number of field men required de¬ 
pends mainly on whether graphic or in- 
indicating instruments are used and the 
length of time over which the survey is 
extended. Graphic instruments require 
the use of more experienced testers to 


or when taking readings in remote or 
scattered areas, the work can be expe¬ 
dited by operating multiman crews from 
trucks. 

Bach tester should make out a route 
record in duplicate, indicating the dis¬ 
trict in which the days work is to be done 
and the number of prints taken out 
One copy of this should be kept for office 
record purposes an<i the other forwarded 
to the company's night service force to 
inform them of the work being done, as 
consumers may telephone to verify the 
authenticity of the tester. At the end of 
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the day the tester should check off on the 
office record copy the number of plates 
covered, the number of readings taken on 
each plate, total number of readings 
taken, and any irregularities, however 
slight. 

The readings recorded on the prints 
should be rechecked by a clerical force to 
see if the readings appear normal. Un¬ 
usual readings should be called to the 
attention of the engineer in charge of the 
voltage survey so that an investigation 
of conditions can be made without delay. 

Where the scale of the secondary cir¬ 
cuit maps is such that readings cannot be 
entered directly thereon, this procedure 
can be modified to specify addresses and 
to record test readings on standard test 
forms. 

Recording of Tests, Classification 
and Tabulation of Results 

Tabulation of Readings 


former on the feeder. These maps as¬ 
sist the distribution engineers in studying 
regulation on individual feeders and on 
the system as a whole. 

Voltage Survey Reports • 

The results of a systematic voltage 
survey may be presented in some form 
of periodic report. Various graphic 
methods are illustrated by the charts 
shown in figures 2a, 2b, and 2c. It may 
be desirable to contrast the results with 
those of the previous survey, as illustrated 
in figure 2a, to indicate improvement of 
system conditions. A separate chart 
for each district and for each type of load 
is usually desirable. It is also interesting 
to show the percentage of readings lying 
outside the accepted service standards as 
in figure 3. A tabular form of periodic 

Figure 4. Monthly comparative report of 
voltage-survey results 


report is shown in figure 4. The readings 
tabulated in figure 4 are the highest and 
lowest values as recorded on graphic 
charts. 

Analysis and Application of Data 

Engineering Analysis 

of Voltage Survey Readings 

Whether the readings of a voltage sur¬ 
vey are indicated directly on secondary 
plates, as shown in figure 1, are recorded 
on test forms, or are available on graphic 
charts filed by feeders or districts, the 
results should be analyzed thoroughly by 
the engineers in charge of the distribution 
system. It may be desirable to investi¬ 
gate further by means of graphic volt¬ 
meter doubtful high- or low-voltage con¬ 
ditions disclosed by indicating readings. 
This procedure can be extended to high 
and low readings one volt within the ac¬ 
cepted service limits. All conditions 


The readings obtained by the field 
forces, whether indicating or graphic, will 
usually be referred to distribution engi¬ 
neers for analysis. The data must be 
tabulated before they can be classified. 
In the case of graphic voltage charts, it is 
desirable to record the low and high read¬ 
ings for each location together with the 
average voltage. It is desirable that 
transformer readings and end-of-second- 
ary readings be tabulated separately 
so that the results may be weighted ac¬ 
cording to the number of readings of each 
type. A number of different classifica¬ 
tions, for each district, may be necessary, 
as follows: 


Network, radial, or d-c system 


Transformer 

locations 


Day Night 
readings readings 


Secondary 

locations 


Day Night 
readings readings 


Plotting Readings on Maps 


A useful summarized record of the re¬ 
sults of a voltage survey may be obtained 
by plotting the readings on a map of the 
territory, drawn to some small scale. 
Where locations are too close together to 
permit plotting each reading, the aver¬ 
age may be shown, particularly if the 
’ variation is not great. Such a map is of 
interest to executives and to the dis¬ 
tribution engineers in obtaining a general 
view of system voltage conditions. Volt- 
age-regulation conditions on individual 
feeders are advantageously revealed by 
plotting on detailed maps of each feeder 
the first consumer readings of each trans¬ 
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finally determined to be above or below 
the accepted standards should be studied 
carefully to determine whether .the sub¬ 
normal condition is due to primary 
circuits, secondary mains, or service 
wires. 

System Reinforcements 

Based on Survey Results 

A voltage survey will disclose cases of 
low voltage due merely to inadequate 
service wires. These facilities may have 
been installed in accordance with old 
standards, inadequate for present-day 
loads. Such conditions are easily cor¬ 
rected. 

Cases of unbalanced voltage will be 
revealed if all line-to-neutral readings are 
taken at each location. Some of these 
conditions can be corrected with little 
trouble by rebalancing secondary load. 

Experience indicates that a high per¬ 
centage of poor voltage conditions is 
due to the secondary maihs. These con¬ 
ditions are indicated by analysis of the 
voltage survey data and may be remedied 
by replacing existing secondary with 
larger wire, by hanging additional trans¬ 
formers to cut down the length of second¬ 


ary feed, or in some cases merely by re¬ 
arrangement of existing secondaries. 

In some cases low-voltage conditions 
can be improved by raising feeder sub¬ 
station voltage, provided this does not 
lead to overvoltage conditions elsewhere. 
In other cases high voltage may require 
lowering substation voltage. 

Low-voltage conditions may be found 
to be due to inadequate primary circuits. 
Where this occurs, redesign of primary 
circuits may be necessary. Additional 
voltage readings and load readings at 
various points on the circuit may be 
necessary in such cases to provide engi¬ 
neers with full information. The results 
of the voltage survey may justify the 
introduction of new feeders or new sub¬ 
station capacity. 

Where general low-voltage conditions 
exist over an area of relatively high load 
density, engineering and economic con¬ 
siderations may warrant changeover to 
underground network supply. The ex¬ 
tension of underground network on a step- 
by-step basis in urban territories where 
all distribution is planned ultimately to 
be underground, is facilitated by periodic 
voltage surveys to disclose which areas 


first exceed the regulation limits of ex¬ 
isting overhead facilities. 

Conclusion 

The readings of the systematic voltage 
survey, appropriately taken and carefully 
analyzed, provide the engineering justi¬ 
fication for redesign of the distribution 
system to correct existing unsatisfactory 
voltage conditions. The periodic survey 
data, by revealing trends of regulation, 
make it possible, in planning system 
changes, to anticipate unsatisfactory 
conditions before service voltages ac¬ 
tually fall outside the accepted standards 
of good service. The broad view ob¬ 
tained of system voltage conditions fa¬ 
cilitates the consideration of various plans 
proposed, and is a helpful guide in con¬ 
sidering the necessity for general system 
reinforcement and improvement projects. 

It is not anticipated that a survey such 
as outlined in this paper need be made 
every year. As voltage conditions are 
improved, it may be found that a com¬ 
plete survey made every other year, or a 
policy of surveying a half or a third of 
the system each yearjmay suffice. 
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Voltage Regulation and Control in the 
Development of a Rural Distribution 

System 

By G. H. LANDIS 

MEMBER AIEE 


Synopsis: The rapid growth of rural elec¬ 
trification and the importance of maximum 
service continuity commensurate with eco¬ 
nomical expenditures has given impetus to 
the study of means to provide a satisfactory 
solution. The development of a rural net¬ 
work system with its sources of feed to 
supply this system is described. Selection 
of voltage rating for rural lines is often 
dependent upon operating conditions pecu¬ 
liar to the area served, and must be con¬ 
sidered integrally with voltage regulation. 
Methods applicable for voltage regulation 
and control are reviewed with particular 
reference as to their application for rural 
line use. The economic application of regu¬ 
lating devices for voltage control of a rural 
load area is illustrated by a specific example 
and comparison with other means available. 
Methods used for obtaining a constant 
check of voltage conditions throughout a 
rural area are described and the results 
obtained by these means are given in a 
special case. 

The Rural Problem 

T HE rapid growth of rural electrifica¬ 
tion in the past few years has stimu¬ 
lated activity in new methods and ap¬ 
proach to the problem of providing ade¬ 
quate capacity for the present and future 
demands which will be made for this serv¬ 
ice. Of necessity, due to the low cus¬ 
tomer concentration, the distribution 
lines serving the rural areas must be con¬ 
structed at a minimum cost commen¬ 
surate with existing or near future usage 
of such service. In the United States, 
this has resulted almost universally in 
the supply of these areas by means of 
single-phase lines, the construction and 
voltage of the lines varying with the con¬ 
ditions encountered in the areas served, 
and varying with the economic, engineer¬ 
ing, and operating conceptions of the 
individual utilities. 

The rural area in which the Central 
Hudson Gas and Electric Corporation 

Paper number 38-47, recommended by the AIEE 
co mmi ttee on power transmission and distribution 
and presented at the AIEE North Eastern District 
meeting, Lenox, Mass., May 18—20, 1938. Manu¬ 
script submitted March 18, 1938; made available 
for preprinting April 25, 1938. 

G. H. Landis is electrical engineer for the Central 
Hudson Gas and Electric Corporation, Pough¬ 
keepsie, N. Y. 

1. For all numbered references, see list at end of 
paper. 
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operates is probably typical of a major 
portion of the northern Middle Atlantic 
and southern New England States. The 
area cannot be considered strictly as a 
farm area. Essentially, the rural ter¬ 
ritory is a region populated by two gen¬ 
eral classes of people; first, the fanners 
who primarily specialize in the production 
of special perishable products for con¬ 
sumption of the large urban centers; 
second, small commercial and industrial 
enterprises in the rural centers, combined 
with those who have sought freedom from 
the city confines by temporary or perma¬ 
nent residence in the rural area. In the 
first classification, the following types of 
farming will dominate with their special 
applications of electric load: 

Poultry, requiring electric service for incu¬ 
bators, brooders, water heating. 

Stock and dairy, with milk coolers, pas¬ 
teurizers, water heating, ventilating, milk¬ 
ing machines, pumping, and general utility. 


spraying, pumping, cold storage. 

General, with pumping, general utility. 

In addition to these, the domestic 
usages of cooking, refrigeration, water 
heating, and pumping must be provided. 

In the second classification, the fol¬ 
lowing groups of people must be served: 

Hamlets, with the country store, garage, 
and occasional small industrial load. 

Small residential customers migrating from 
local urban centers. 

Large residences and estates, generally 
drawn from the large cities. 

Vacation residences, road houses and stands, 
boarding houses, and hotels, most of which 
are summer loads, but a small increasing 
amount is becoming either winter and 
summer loads, or year-round loads. 

Religious, educational, and governmental 
institutions. 

The first classification of customers 
requires an adequate and dependable 
service supply, for, in essence, they are 
small industrial establishments, and thehfe 
livelihood is dependent upon uninter¬ 
rupted service. As an illustration of the 
importance of continuous service, one 

Landis— Voltage Regulation 


poultry farm sells fancy stock eggs at 
prices as high as 40 cents each, ships 
quantities of these abroad for hatching, 
and incubates as many as 50,000 eggs at 
one time. An hour’s interruption of 
the rural service to this customer may 
destroy a large percentage of his incu¬ 
bator supply. 

The second classification of customers, 
being in a large measure people from 
urban territories, demand essentially the 
same grade of service here as that to which 
they have been accustomed, especially 
since electric service becomes more essen¬ 
tial to their comfort and living than 
before. 

The necessity of a high degree of con¬ 
tinuity combined with adequate voltage 
control is therefore essential to the rural 
population. For this type of service, 
freedom from interruptions must be con¬ 
sidered along with voltage control, and 
the choice of voltage level is in great part 
predicated on the ability to maintain 
service with the greatest freedom from 
interruptions. 

The Rural System of the 
Central Hudson Gas and 
Electric Corporation 

The franchise area supplied by the 
Central Hudson Gas and Electric Corpo¬ 
ration is shown in figure 1, roughly ex¬ 
tending 75 miles north and south along 
the Hudson River between New York and 


covers approximately 2,600 square miles 
and has over a quarter of a million in¬ 
habitants. The three largest cities, 
Poughkeepsie, Newburgh, and Kingston 
along the Hudson River, account for a 
total population of less than 100,000. 
Numerous villages are located through¬ 
out the area. Scenically magnificent in 
the mountainous regions of the Catskills 
and Shawangunk Mountain Ranges, beau¬ 
tiful for its well-kept farms and orchards, 
and within dose driving distance of the 
great metropolitan areas, it attracts 
many thousands of vacationists. 

The general layout of the Central 
Hudson electrical system is shown in 
figure 1. The company, having devel¬ 
oped only a small amount of generating 
capacity (25,000 kw in water power, and 
12,000 kw in steam) is dependent upon 
the supply of power over strategically 
located transmission interconnections. 

. A well-located transmission system at 
66 kv ties its main load areas into an 
integrated system, supplemented by sec¬ 
ondary transmission feeders and tie lines 
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substations 


it 33 and 13.8 kv, thereby forming a 
airly well-defined grid over the entire 
ifea. 

Among the pioneers in recognizing the 
tccessity, desirability, and value of rural 
lectrification, the company initiated its 
imd-linc program in 1924 and has main- 
oined an aggressive and liberal policy 
or the development of rural loads. An 
ccelerated program during the last two 
ears has brought about virtual satura- 
ion of the area with rural distribution 
lies, these lines now being within reach 
f 98 per cent of the rural population. 

. total of over 2,700 miles of rural lines 
as been built in the rural construction 
Ingram, to which have been attached 


some 6,000 farm, 25,000 residential 
5,000 commercial and small industria 
customers. The usage per rural cus 
tomer averages 1,650 kilowatt-hours an 
nually, but may be expected to increase 
rapidly since customers on recently con¬ 
structed lines first make use of electricity 
primarily for lighting and later take full 
advantage of a liberal policy on the pur¬ 
chase of electrical appliances. 

A typical rural area showing the cover¬ 
age of highways in a rural section is shown 
in figure 2. Practically all roads not 
supplied by distribution lines have a load 
density of less than three customers per 
mile. 

Power supply to the rural areas has 
been planned upon the projection of a 
number of small automatic substations 
upon the grid formed by the network of 
rural lines. Theoretically, such an area 
would appear as shown in figure 3, re- 
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sembling in many respects a primary 
network grid. However, several distinct 
factors differentiate the plan from a pri¬ 
mary network. Three-phase tie lines 
are generally provided, or are anticipated 
between substations, these being con¬ 
structed if, and when such tie lines are 
economically justified. This construc¬ 
tion consists of polyphasing existing 
single-phase lines, such single-phase lines 
later to form tie lines having been built 
of greater conductivity size in anticipa¬ 
tion of their future tie-line application. 
At the present time plans do not con¬ 
template the operation of the tie lines 
closed, these being operated as radial 
feeders from each substation. Their 
main purpose is to provide facilities for 
emergency feed into an area in the event 
of a substation failure, or in case of the 
necessity of taking a substation out of 
service for routine maintenance. Rou¬ 
tine maintenance is necessarily sched¬ 
uled for off-peak periods. In case of a 
substation failure during peak periods, 
lower voltage than normally considered 
. full y adequate would be experienced, but 
service could at least be maintained. 
This latter condition has not yet been 
experienced on our system, and should 
be relatively infrequent. Future devel¬ 
opment may show the possibility of op¬ 
erating the rural network as an integrated 
network, as recently accomplished in a 
section of suburban Philadelphia. 1 * 2 Fig¬ 
ure 4 shows a portion of such a develop¬ 
ment showing the location of stations and 
tie lines. 

The locations of substations to supply 
this rural network are necessarily in¬ 
fluenced by a number of factors, as 
follows: 

1. Load density of the area to be supplied. 



Figure 2. Typical rural area showing coverage 
* of highways 
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2. Proximity to existing transmission lines. 
Wherever possible, advantage is taken of 
existing lines and switching structures in 
such lines. Substations are tapped through 
suitable protective equipment to lines of any 
voltage available, 13.8-, 33-, and 66-kv 
equipment having been used. 

3. Proximity to villages or industrial loads. 

Various types of substations have been 
utilized, the type depending to a great 
extent upon the following factors: 

1. Probable load growth in the immediate 
area* 

2. Possibility of load shift as area is de¬ 
veloped. 

3. Availability of existing equipment, 
which may be transferred from some other 
substation due to necessary changes in that 
location. 

During the early periods of develop¬ 
ment, when the number of rural lines in 
an area were limited, a number of two- 
or three-pole platform structures both 
with and without regulators were in¬ 
stalled. These have mostly been re¬ 
placed by more adequate equipments, 
and at the present time there appears to 
be little need for the use of this type of 
structure, since it is usually possible to 
pick up an immediate load of 400 to 500 
kw by the time a substation is required 
in a rural area. 

New substations are now installed 
with a capacity of 750 to 1,000 kva with 
the possibility of increasing these ratings 
25 per cent with air-blast equipment. 
They are tapped to the transmission 
line through a manual three-pole discon¬ 
nect switch and protected on the high- 
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Figure 3. Theoretical rural network showing 
polyphase tie lines between substations/ and 
operation with one substation out of service 
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Figure 4. Development of rural network 
showing substation and tie lines 


voltage side by means of fuses. Voltage 
regulation is provided in new transform¬ 
ers through tap-changing equipment. 
Where existing transformers are avail¬ 
able, regulation is supplied by means 
of step regulators, pole-type or outdoor 
substation-type induction regulators, or 
indoor induction regulators rebuilt for 
outdoor service, the type used depending 
upon the equipment available. 

Where hew equipment is required, a 
unit-type substation has been adopted 
as standard equipment The first unit 
was installed in 1931> and has been 
followed by the installation of three ad¬ 
ditional units. The 1938 program calls 
for the installation of three units, one to 
be ready for service by the end of May. 


A- 


— LEGEND- 

■66-KV TRANSMISSION LINES 
-13.2-KV TRANSMISSION LINES 
-EXISTING 3-PHASE TIE LINES 
- EXISTING SINGLE-PHASE UNES TO 
BE POLYPHASED WHEN REQUIRED 
• FUTURE TIE LINES NON EXISTANT 
-SINGLE-PHASE RURAL LINES 


The essential requisites for a unit 
substation are as follows: 

1. The total installed cost must be low, 
comparing favorably with the cost of the 
conventional structure substation. 

2. The unit must provide voltage regula¬ 
tion to compensate for transmission and 
primary voltage drops. 

3. It must be inconspicuous, require a 
minimum of space, and present a minimum 
hazard from public liability standpoint. 

4. The installation cost must be low, 
thereby providing maximum salvage in the 
event it becomes necessary to shift the loca¬ 
tion due to a change in load distribution or 
development. 

5. It must be easily and safely maintained. 
In the event of breakdown of any piece of 
apparatus, particularly the transformer, the 
layout must allow for its ready removal and 
replacement. 

6. The design must provide economical 
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means for adding feeder positions, in the 
event load conditions make this necessary. 

The design which was developed meets 
all these requirements. Essentially, it 
consists of a tap-changing transformer, 
with one or more switch houses bolted to 
one side of the transformer. The switch 
house contains a reclosing oil circuit 
breaker and load-ratio-control equipment. 
High-voltage fuses and disconnects are 
installed in compartments on the trans¬ 
formers rated 23 kv and lower. Our 
practice has been to bring all cables to 
and from the pole line underground, for 
voltages of 23 kv and lower, thereby en¬ 
closing all equipment in metal, and ob¬ 
viating any necessity for fencing in the 
property for safety reasons. For the 
higher voltages, a simple superstructure 
permits overhead connections. The unit 
is completely factory built, the only field 
construction consisting of foundations 



Figure 5. Medium-voltage totally enclosed 
unit substation rated 750 leva, 13.8-2.4/4.16 
wye/4.8/8.3 wye kv 




and connections to the lines. Floor 
space requirements for the unit are 
approximately 10 by 13 feet. 8 

The simplicity with which one of these 
units may be moved, is illustrated by a 
case in which it was necessary to move a 
750-kv unit complete with feeder equip¬ 
ment, approximately four miles. The 
umt was available for operation within 
two working days, including a change in 
internal connections from 4,800 volts 
delta to 4,160 volts wye. 

Figure 5 shows a typical unit substa¬ 
tion rated 13.8 kv, 750 kva, with all live 
parts metal dad. Figure 6 illustrates a 
66-kv 1,000-kva unit with exposed high- 
voltage switching on a steel superstruc¬ 
ture. The air-break switch on top of the 
structure and the capadtor on the side 
have no relation to the unit structure, 
being automatic sectionalizing equip¬ 
ment for the 66-kv transmission line. 

Voltage Rating of Rural Lines 


Figure 6. High-voltage unit Substation with 
supentrudure for high-voltage control, rated 
1/000 kva, 66-2x4/4.16 wye/4.8/8.3 kv 
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The selection of voltage rating for 
rural lines is dependent on many factors, 
and the economics of a voltage rating in 
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one part of the country may well be re¬ 
versed in others. Obviously, a high 
voltage rating simplifies the problem of 
voltage regulation. 

The Central Hudson Gas and Electric 
Corporation, being a consolidation of 
many smaller companies, inherited a 
number of voltage ratings at both two 
and three phase from its predecessor com¬ 
panies. Involved as the system is with 
numerous polyphase loads in the villages 
scattered throughout its rural area, the 
problem of unifying the voltage rating 
has been a slow and arduous one, since the 
unification of voltage ratings and phases 
has only been accomplished as the op¬ 
eration and economics have proved the 
necessity for changes. The present and 
probable future status of rural voltages in 
per cent of total load is shown in table I. 

From this table, it will be noted that 
standardization in general will be at two 
voltages; 4,160-volt, three-phase, four- 
wire mains with single-phase branches at 
2,400 volts phase to neutral and 4,000 
volts phase to phase, 4,800 volts single 
and three phase, A limited area will, in 
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voltage being well within the safe operating 
range of standard rubber goods. 

4. Minimum of trouble due to tree inter¬ 
ference. This factor is particularly im¬ 
portant in this region, due to the difficulty 
of obtaining permission for ample clearances 
from trees in a territory prolific in its abun¬ 
dance of large and old trees. The common- 
neutral system also permits the economical 
use of cable construction through the use of 
self-supporting cable or cable supported on 
a neutral conductor messenger where tree 
conditions prevent successful operation of 
tree wire. 

5. Economic analysis indicates that this 
system can be used at costs comparable 
with systems of higher voltages. 


Figure 8. Typical 24-hour chart—primary 
voltage at point A 


all probability, remain at 8,320 volts, 
three phase, four wire, with branches at 
4,800 volts phase to neutral, or at 2,400 
volts phase to neutral, the reduction in 
voltage being obtained through 2:1 auto¬ 
transformers. 

It will be noted that the company's 
experience has covered a wide range of 
voltages. Beginning initially with 2,400- 
volt two- and three-phase systems, con¬ 
versions were made first to 2,400/4,160 
wye operations, and at a later date to 
some 4,800-volt systems. A trial in¬ 
stallation at 4,800/8,320 wye was also 
made. This has been successfully op¬ 
erated, but was found to have definite 
operating disadvantages for conditions 
encountered in our particular area. For 
sparsely settled areas where clearances 
from trees can be readily obtained, and 
where economic joint usage with com¬ 
munication facilities can be satisfac¬ 
torily negotiated, there appears to be a 
distinct field for its application. 

Consideration of the factors involved 
in the analysis of our rural problem has 
led us to the conclusion that the most 
satisfactory voltage for rural distribution 
in our area is 2,400/4,160 wye volts, three 
phase, four wire with common-neutral 
multiple-grounded construction. How- 


Table I. Distribution of Rural Voltage Ratings 


Present 

—--Ultimate 

Con- Per Per 

nected Cent Cent 
Kilovolt- of of 

Voltage Hating amperes Total Total 


2.4 kv, three phase delta.. 3,571... 6.4.. 

2.4 kv, two phase.4,721... 8.6... ... 

4.2 kv, three phase wye.. .32,196... 58.3... 72.0 
4.8 kv, three phase delta.. 11,977. ♦. 21.8... 25.0 

6.2 kv, three phase wye... 1,400.., 2.6... ... 

8.3 kv, three phase wye... 1,333 ... 2.4 .. . 3.0 

Total ..... 55,268... 100.0... 100.0 


ever, since some of our areas are operat¬ 
ing at 4,800 volts, delta, there does not 
appear to be sufficient justification for 
conversion of such areas to the common 
neutral system. Hence the dual stand¬ 
ard. 

The decision on the adoption of the 
common neutral 2,400/4,160 wye system 
was primarily based upon the following 
factors: 

1. Spacing of substations in the fully 
developed plan will provide rural feeders of 
reasonable length for adequate primary 
regulation, especially with the judicious use 
of step regulators and shunt capacitors in 
providing economical and satisfactory means 
of voltage control. 

2. Advantages of a common-neutral system 
in obtaining better operating characteristics 
in: 

(a) Lightning protection of distribution trans¬ 
formers as shown by the analysis of outages from 
this cause. 

(5) Low ground resistance of the neutral wire 
through multiple grounding. 

<e) Simplification of all line and transformer 
devices. 

(rf) Improvement in sectionalizing and branch 
fuse operation. 

3. Safety in live-line maintenance, due to 


Development of a Rural Area 

In the development of a rural area, it 
is by no means unusual to attach rural 
lines of extreme length to a substation 
supply source. During the initial period, 
the loading on these lines may be ex¬ 
tremely light, gradually increasing with 
the attachment of additional customers 
and the further utilization of the service. 
The development of low-cost regulating 
equipment has materially increased the 
time limit before additional reinforcement 
becomes essential. The use in particular 
of step regulators and automatic boosters 
may lengthen the period of adequate 
regulation on a rural circuit for years. 
One of the big advantages of this class 
of equipment is that the cost of installa¬ 
tion is a small percentage of the total cost 
and a large part of the cost in equipment 
is salvageable. 

Thus it may be economical to use regu¬ 
lating devices on the lines to furnish tem¬ 
porary relief for any one of the following 
reasons: 

(a) To allow further study to be made to 


Figure 9. Circuit map 
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determine the most desirable and economical 
permanent solution. 

(b) To allow further development of the 
area supplied before definite plans are put 
into effect which may be affected by these 
developments. 

(c) To delay the expenditure necessary to 
accomplish the ultimate plan until eco¬ 
nomically warranted. 

These points are, of course, interrelated 
and whichever may be the primary reason 
for the use of regulating devices, the 
other advantages will be gained. 

A description of such a development in 
one of our rural areas has been presented 
previously 4 but it may be of interest to 
trace the development through its suc¬ 
cessive stages. 

Figure 7 shows the area under discus¬ 
sion. Originally supplied at 2,400 volts 
single phase, lines were extended and 
supply reinforced through the following 
stages: 

Polyphase of main stems 

at 2,400 volts (1924- 


26).peak load 250 kw 

Conversion to 4,000 
volts (1927).peak load 325 kw 


Addition of two pole- 
type induction regu¬ 
lators and several 
fixed boosters (1929- 

34).peak load 700 kw 

Relocation of existing 
regulators and addi¬ 
tions of six step regu¬ 
lators, resulting in 
four step regulators in 
series on one feeder 
(1935).peak load 750 kw 

The addition of step regulators in 1935 
was estimated to provide regulation for 
the system through 1937 for an estimated 
peak of 950 kw. Actually, with the 
installation of an additional polyphase 
step regulator installation on one of the 
branches, adequate voltage was main¬ 
tained with an actual peak of 1,100 kw. 

Figure 8 is a primary voltage chart 
taken at the end of one of the lines, 19y 2 
miles from the substation, regulation 
being obtained through four regulating 
devices in series. 

In 1938 a unit-type substation is being 
installed at location D, which together 
with an additional tie line, will take up 
approximately 500 kw of load from the 
original station, and will practically 
halve the length of the longest circuits. 

In 1935, when the decision was made 
to install step regulators, a detailed in¬ 
vestigation was made into the cost of 
reinforcement to this area, with the fal¬ 
lowing comparison: 

Plan 1. Changeover system to 
higher distribution voltage 
(3 kv).$45,350. 


Plan 2. Additional 13.2-kv sub¬ 
station, and necessary trans¬ 
former and feeder extension. 40,500. 

Plan 3. Installation of step regu¬ 
lators and feeder reinforcement. 15,700. 

As a result of the adoption of plan 3, 
the following points of economic interest 
were obtained: 

1. Investment not salvageable or 

useful when plan 2 would be 
essential for capacity.$3,000. 

2. Saving in fixed charges by 
adopting plan 3 for three years 
at 12 per cent annually, less non- 
salvageable items, less increase 
in losses due to adoption of 

plan 3,. 4,400. 

The adoption of the step regulator 
plan was not only the most economical 
but also postponed the necessity of 
making a much larger immediate invest¬ 
ment, and gave three additional years 
for the region to develop so that advan¬ 
tage could be taken of changes in load 
distribution in* the area. 

Voltage Control and 
Regulating Devices 

No attempt will be made here to pre¬ 
sent the technical details of operation, or 
the theoretical limits of applications, as 
this subject has been fully covered 
in numerous papers previously. 5 "" 7 A 
brief outline of the devices available, 
and their adaptability to rural-line ap¬ 
plication appears in order. 

For strictly rural load, consisting 
mainly of a multiplicity of comparatively 
small individual loading devices, the use 
of high-speed devices for following small 
voltage fluctuations appears to be un¬ 
necessary. A number of tests on the 
effect of time delay conducted on our 
regulating devices indicate that the 
number of operations of tap-changing 
equipment may be reduced approxi¬ 
mately 80 per cent by increasing the time 
delay from 10 to 30 seconds, with no ap¬ 
preciable effect on the voltage regulation. 
The step regulator, in which time delay 
between steps is inherently necessary, 
has proved to be the most adaptable 
equipment for general application due 
to its low initial and installation costs. 
Careful consideration must be given to 
the voltage range per step. No specific 
limits can be definitely stated as to the 
most economical and satisfactory range 
of steps, and each application must be 
considered on its own merits. Gener¬ 
ally, for rural loading four 2V 2 -per- 
cent steps appear to provide a satisfac¬ 
tory range for adequate voltage regula¬ 
tion. 


The automatic step booster has a very 
limited application for rural loading, and 
its application is usually dependent upon 
comparatively large changes of load con¬ 
nected for appreciable periods of time. 

The fixed booster, though obviously 
not a regulating device, still has a definite 
field in voltage control. By their use, a 
line can be controlled to have practically 
flat regulation at minimum load condi¬ 
tions, and such use has practically the 
same effect as obtained by increase in 
size of copper. The amount of boost can 
be readily controlled by the use of mul¬ 
tiple-ratio distribution transformers, and 
if a standard make transformer rated 
2,400/3,600/4,156/4,800-120/240 volts is 
used, voltage boosts of 2.5, 2.88, 3.33, 
5.0, 5.76, 6.66, and 10 per cent may be 
obtained on a 2,400-volt primary line. 

The application of shunt capacitors for 
voltage control on rural lines has little 
justification, except where it is possible 
to make use of the advantages obtained 
by the capacitor in releasing substation 
transformer or transmission-line capacity, 
or in system power-factor correction. 
The low installed cost of distribution 
capacitors compares favorably with the 
installed cost of reasonably large rotating 
equipment, and where a certain fixed 
amount of capacity may be economically 
used at all times, distribution capacitors 
with their much higher efficiency, may 
readily be justified. The amount of 
voltage control supplied by these devices 
being fixed within narrow limits (two to 
three per cent on rural lines), they must 



Figure 10. Application of voltage-corrective 
measures following graphic instrument survey 
of rural-line loading and regulation 
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be applied with the same caution as the 
fixed booster. 

The series capacitor can rarely be 
applied for rural-line regulation. De¬ 
pending upon the elimination of the 
reactance drop by insertion in the line of 
a capacitive reactance equal to the 
inductive reactance of the Hne, its pur¬ 
pose is defeated by the large resistance 
component of the average rural line. 
Elimination of the reactance drop is in¬ 
sufficient as shown by table II. 

By overcompensating, part or all the 
drop due to resistance can be balanced 
out at any power factor other than 
unity. At high power factors, this re¬ 
quires an unreasonable amount of ca¬ 
pacity. The series capacitor may be 
compared to an instantaneous regulator 
set to maintain a fixed voltage at some 
load center (assuming the supply voltage 
constant). It is subject to limitations 
where customers are distributed along 
the line in that any decrease in drop 
effected for the last customer on the line 
is accompanied by a corresponding in¬ 
crease for the first customer. This can 
be overcome by splitting the capacity 
up in small-size units, but only at pro¬ 
hibitive cost. 

Except in those cases where instan¬ 
taneous regulation is required to overcome 
a flicker condition or where lines are used 
to feed a load at some distance with no 
intervening load, some other one or com¬ 
bination of devices will give more satis¬ 
factory or economical results than the 
series capacitor. 

Voltage Surveys 

In order to keep a constant control of 
voltage conditions throughout the terri¬ 
tory, a program was started several 
years ago of installing permanent voltage¬ 
recording stations attached to the pri¬ 
mary lines through individual potential 
transformers. Completion of this pro¬ 
gram is expected during 1938. The loca¬ 
tion of each of these test stations is 
carefully checked to provide a close con¬ 
trol and indicator of the voltage and load 
trend. 

In addition, a plan of conducting 
periodic surveys of all load areas has been 
instituted. This survey covers the pro¬ 
curement of a complete series of simul¬ 
taneous graphic records of voltages over 
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the entire area, coupled with graphic 
ammeters at pertinent points for loading 
and load balance, and graphic watt¬ 
meters and reactive-volt-ampere meters 
for circuit loading. These charts, as¬ 
sembled and pasted together, show simul¬ 
taneous readings all over the circuit, and 
readily reveal the necessity for load bal¬ 
ance, reinforcement, correction for regula¬ 
tor settings, and improvements which 
may be effected through the use of addi¬ 
tional boosters, step regulators, and 
shunt capacitors. This recording is con¬ 
tinued until corrective measures have 
been applied and reasonable assurance is 
obtained from graphic records that volt¬ 
age conditions will continue to be satis¬ 
factory. In conducting such a survey 
20 to 30 graphic voltmeters are utilized, 
these instruments being calibrated in the 
field after warming up in location, a high- 
grade voltmeter with low temperature 
error being used for this calibration. 

An illustration of the effectiveness of 
this field survey is shown in an area which 
had built up very rapidly in rural ex¬ 
tensions, and which had not received a 
previous check of the type described. 
Figure 9 shows the area in question and 
figure 10 shows the voltage conditions 
before and after voltage conditions were 
corrected. In this case four additional 
step regulators and 165 kva in shunt ca¬ 
pacitors, provided adequate relief from the 
serious voltage difficulties encountered. 
Further improvement to this area, con¬ 
templated several years previously, will 
be provided when the fringes of this area 
can be transferred to a new unit sub¬ 
station to be installed in 1938. 

Conclusions 

The necessity of reliable rural lines 
with adequately controlled and regulated 
voltage has been shown to be essential 
for the type of service requirements. 
Voltage rating is dependent upon many 
factors, and reliability and freedom from 
interruptions must be considered along 
with voltage rating. With the equip¬ 
ment now available, voltage can be ac¬ 
curately regulated over substantially 
long lines at reasonable cost, and fre¬ 
quently major expenditures for reinforce¬ 
ment can be deferred for long periods by 
the proper application of regulating 
equipment. The field for application of 
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step regulators is large and due to the 
low installation cost may be justified in 
many cases for temporary relief. The 
application of shunt capacitors is more 
restricted on rural lines where resistance 
drop may be a large portion of the total 
drop, and cannot be justified for voltage 
regulation alone, but may be used where 
interrelated savings in substation ca¬ 
pacity or system power-factor improve¬ 
ment aid in the justification of their use. 
Series capacitors appear to have little 
application for general rural use, and 
their justification is dependent on special 

Table II. Voltage Drop on Four-Kv Three- 
Phase Line 

Volts Per Ampere Per MUe at 
85 Per Cent Power Factor 

Copper Wire , Due to Due to 


Size 

Resistance 

Reactance 

Total 

2. 

.60.... 

....38. 

..1.04 

4. 

.1.17.... 

....39. 

..1.56 

6. 

.1.67.... 

....40. 

.2.07 


applications usually in conjunction with 
motor loads. 

Rural electrification, being still in its 
infancy with respect to utilization, re¬ 
quires continual and careful study and 
checking of load growth, circuit balance, 
and voltage regulation to the end of 
producing greater satisfaction among its 
users, increased revenues from adequate 
regulation, and stimulating the further 
utilization of the service available. 
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W I- P M| I r > - proptiate values from the standpoint of 

V Oltage-iseguiating-cquipment minimizing transmission line losses and 

keeping the power factor within the de- 

Characteristics as a Guide to Application 

Classification of 

By P. E. BENNER G. S. LUNGE Voltage-Regulating Equipment 

ASSOCIATE AIEE ASSOCIATE AIEE 

Voltage-regulating equipment may be 

0 . T ,. . . . . classified on the basis of the manner in 

eSfcfacmi Se SpLS'oSg 0 ” ^ C ° nditionS whkh * is desired to which it functions, as shown in table I. 

regulating equipment to syst em s should correc As used in this tabulation, the term 

take into account its characteristics and # As here used, the term “voltage-regulat- *‘generator voltage regulator” means, 

inherent limitations. These characteristics equipment” signifies not merely the according to a proposed standard defini- 

f eed ’ suita ; voltage regulator itself but also the as- tion, “a regulator which functions to 

“SSSfrSTC? SSffS " d f d * PP “ , “ * ”*■“» «* ^ o' « oyocteonou, 

the load power factor and by line constants, synchronous condenser when controlled generator, condenser, motor, or of a d-c 
ability to compensate for supply-voltage by an automatic voltage regulator. generator, at a predetermined value or 

vwiati^s effect on wave form etc. The Only equipment that functions auto- vary it according to a predetermined 
majority of systems need both generator matically is here considered. nlan’’ 

voltage regulators and suitable feeder regu- Ao « ^ ~ j «, , . ^ an * 

lators, if maximum ease, efficiency, and . ^ove denned, voltage-regulating The question of whether extensive use 

flexibility of system operation are desired. equipment is subjected to supply-voltage should be made of generator voltage regu- 
Proper choice and adjustment of the voltage- variations due to transient conditions lators in preference to the use of feeder 

Z%l^u?X h \^ ltsaa ^ h0 , vdtage - regulating devices «“*»« 

functioning of the regulators throughout the , se produced by slow or rapid load arisfes, but except in special cases of sys- 
system, without hunting between regulators chan S es - (By load changes are meant terns of very limited extent, a defini te 
of different construction. not only changes in the amount of steady choice between the two types of equip- 

load connected, but also noncyclic, ab- ment should rarely be necessary. Gen- 

T "** Ganges in load impedance, such as erator voltage regulators are, by virtue 

HE selection of voltage-regulatmg may result from the starting of large of their construction, usually better 

equipment involves two classes of motors connected with the circuit and suited to rapid and frequent operation 

problems. The first of these is technical, from similar causes.) Voltage-regulat- than are feeder voltage regulators if 

and concerns itself with the characteris- mg-equipment performance during fault maintenance of the latter is to be kept 

tics of the various available classes of regu- conditions and its effect on stability 2 -’.! within reasonable limits Generator 

latmg equipment with their corre- not be discussed here, nor will the voltage r^Zm are“ owev “ £ 

spondmg limitations. The second prob- subject of voltage variations due to cyclic trically farthest awav’ from individual 
lem is economic and is concerned with changes be discussed at this time. F d dua 

finding the least expensive solution to Progress in industrial and domestic 

the problem of maintaining adequately electrification has gradually imposed Table I 

constant voltage. The economic prob- added requirements upon the quality of 

lem predominates in the application of electric service, such as the present-day W> Voltage-correcting equipment (correct, 
voltage-regulatmg equipment to the dis- insistence on maintenance of suflidentlv for supply-voltagevariation.) 

“>»<”» spto,' « ton u, e Mton, fa^ncy for 

generating and transmitting portion of operation. Fortunately, however, this vt5^?/!Sil atOT) U . (1) 

the system. As far as the technical tendency toward more exacting electric- 1 witb “X "change in volt- 

characteristics of voltage-regulating equip- service requirements is to some extent ^nsform^ adratio " contro1 

ment are concerned, it might be felt compensated for by the improvement of “• without m ^ajor'chang;'i;“ 2) 

rZdrfww/ 00 / 6 ! 1 - reCOgnized t0 a P paratus - For Stance, the advent of X^moXhuuges 

require f urther consideration at this time, adequate generator voltage regulators (station-type induction 

H^rer, lrequ „ ttr ooonr * mad. f, po»ibk to SiajLm, ^ » 

misapplication of regulatmg equip- upon small natural voltage regulation as a » regulator). ( 4 ) 

° f ^ inherent geDerat0r desigI1 requirement. This SSSmM),.® 

23“ COnC r ed - because 8 designers to emphasize other Z7T « 

insufficient consideration has been given portant characteristics of their machines aZfL’ util* ^ 

o e anal ysis of the causes of the poor R is believed that by proper application (&) In ?i rect . (shun ‘)' correction 

of voltage-regulating equipment to a ( 9 , 

and presented atthe AIEE NoSL EasUrTcS thC r&nge ° f ta P s squired in reguTtin^av” V °“ aee ‘ 

M ““- tl f® f0 ^ lerscan be kept Within economi- (Shunt reacted fa bUcto.'Witt" 5 

able for preprinting Apri.^, i 9 38 . 38: ^ <** bnuts, thereby reducing the invest- ‘•«« 

P. E. Bbnnbr and G. S. Lungs are both in th* men ^ ln what would otherwise be Special (B) V 1 + • . . .....(12) 

TT transfonners - Ako fcot' issrs^sss--- 

N Y - P-w. Schenectady, freedom m system operation is afforded ^ 

Japwl* numbered references, see list at end of ^ ^ Voltages at different points OU l^Ta^S“... (18 ) 

the system can be held at the most ap- . winding) 404018 flaturat “ig 
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loads responsible for fluctuations in the 
voltage. Thus there appears to be little 
relationship between the speeds of opera¬ 
tion of these devices and the duty or¬ 
dinarily imposed on them. This dilemma 
can be avoided by proper adjustment of 
the sensitivity of the voltage-responsive 
control elements of the generator and 
feeder voltage-regulating equipment, re¬ 
spectively. In general, it may be said 
that: 

1. The need for rapid correction of the 
voltage in case of major system load changes 
makes generator voltage regulators essential 
for most systems. 

2. The value of generator voltage regula¬ 
tors in limiting overvoltage in case of sudden 
loss of load is now well recognized. 6 

3. The impracticability of applying line- 
drop compensating schemes to most systems 
to permit generator voltage regulators to 
hold constant voltage at a remote distribu¬ 
tion center makes feeder regulators desir¬ 
able. 

4. The diversity of feeder lengths and 
loading makes the application of individual 
feeder regulator equipment of appropriate 
type essential to good voltage conditions at 
the load. 

It is hoped that a brief discussion of 
the comparative characteristics of each 
of the voltage-regulating equipment types 
mentioned in table I will be of assistance 
to anyone faced with the problem of choos¬ 
ing between the available means for 
solving this problem. 

Generator Voltage Regulators (1) 

These regulators are best suited to 
holding constant voltage at the low-volt- 
age or high-voltage generating station 


REGULATOR 
RANGE- 

BUS VOLTAGE] F"ULL-L,.„ 

LEVEL -XQIJAGE: 

UNUSED-{ 



NORMAL BUS 
VOLTAGE 


NORM AL BUS 
VOLTAGE 


FULL-LOAD AND NO-LOAD VOLTAGES 
WITH FIXED BOOSTER 

C 


FULL-LOAD AND NO-LOAD VOLTAGES 
f WITH SHUNT CAPACITOR 



Figure 1. The induction regulator inherently 
has a lower as well as a raise range. Full use 
can be made of the total range by the proper 
selection of substation bus voltage (B) or by 
the use of a Axed boost in the feeder circuit 
(C). Shunt capacitors produce a voltage rise, 
and in this case if the voltage rise produced 
by the capacitor equals the lower range of the 
regulator, full use can be made of the full 
regulator range with minimum voltage variation 
in the load area 


bus. Although it is possible to use line- 
drop-compensating schemes to hold con¬ 
stant voltage at the remote end of a 
transmission line, there are very few 
cases in which as much line-drop com¬ 
pensation as this is used. The basic 
reason for this is that changing load and 
generating conditions on a system make 
it desirable to hold different voltage 
levels at different points on the system 
at various times of the day . Compensat¬ 
ing for all of the transmission-line voltage 
drop makes it difficult to control the 
division of reactive power between dif¬ 
ferent generating stations and is com¬ 
parable to attempting to operate two 
generators, each under voltage-regulator 
control, connected to the same bus with¬ 
out having the usual provision for elimi¬ 
nating excessive reactive-current inter¬ 
change between the two generators. 6 
The use of motor-operated voltage-ad- 
justing rheostats for generator voltage 
regulators in unattended stations makes 
it possible to adjust the voltage levels 
held at such stations by means of super¬ 
visory control just as readily as the kilo¬ 
watt load on units in such unattended 
stations can be adjusted. 

In special cases, current limiting re¬ 
lays have been used in conjunction with 
generator voltage regulators, but it 
should be recognized that any such sup¬ 
plementary equipment may impair the 
normal regulator performance during 
transient conditions. Some use has also 
been made of power-factor regulators, 
especially when applied to generators of 
relatively small size located electrically 
dose to much larger stations, with a view 
to avoiding attempts on the part of the 
small machines to change the voltage 
level of the larger systems and in so doing 
overload themselves. The use of such 
power-factor regulators would seem to be 
extremely limited and ordinarily requires 
supplementing by the use of a conven¬ 
tional voltage regulator in order to take 
control away from the power-factor regu¬ 
lator in case of faults on the system. 
The low power factor of most faults 
would otherwise cause the power-factor 
regulator to reduce the generator excita¬ 
tion, which is just the opposite to what is 
required under these conditions. 

The use of generator voltage regulators 
relieves the station operator of the need 
for frequent adjustment of the excita¬ 
tion; if there are no generator voltage 
regulators, the only alternative is to leave 
sufficient excitation on the machine to 
insure reasonably stable operation under 
any anticipated load condition. This 
additional excitation will result in added 
losses and heating of the machine. 


Although generator voltage regulators 
are, in general, rapid in action, it should 
be realized that even if there were no time 
delay at all in the operation of the regu¬ 
lator, it could not possibly cure light 
flicker in the case of voltage fluctuation 
sufficiently widespread to appear at the 
generator terminals. The first drop in 
voltage occurs instantaneously, but can 
only be corrected at a finite rate in ac¬ 
cordance with the time constant of the 
a-c machine. Other methods of miti¬ 
gating light flicker should be considered 
instead. 7 

Load-Ratio-Control 
Transformers (2) 

Although originally chiefly used in 
transmission-line loop circuits and in 
tie-lines interconnecting different sys¬ 
tems, increasing recognition is being 
given to the suitability of load-ratio- 
control equipment for maintaining ap¬ 
proximately constant voltage at a bus 
whenever this can be accomplished by 
ratio change. In general, the load-ratio- 
control equipment is not intended for 
very frequent operation, in the interest 
of reducing maintenance on the tap¬ 
changing equipment. Accordingly, the 
automatic relay equipment ordinarily 
includes time-delay relays to insure that 
the departure from normal voltage must 
persist for a definite time before any 
attempt is made to correct it. 

Station-Type 
Induction Regulator (3) 

The characteristics of the direct or 
series regulating device used for feeder 
regulation are a combination of the in¬ 
herent characteristics of the equipment 
itself and the control with governs its 
operation. The design, adjustment and 
therefore the characteristics of the con¬ 
trol are largely determined by the limita¬ 
tions of the device. 

In the direct or series devices, the ratio 
of incoming to outgoing voltage is varied 
by changing the ratio of <t> 2 N 2 . This 

is accomplished by changing the turn 
ratio Ni/Ni in the case of step regulators 
an d load-ratio-control transformers or 
by changing the flux ratio 4 i/4i in the 
case of induction regulators. 

The induction regulator is controlled 
by the same voltage-regulating relay as a 
load-ratio-control transformer but its re¬ 
sponse is instantaneous rather than de¬ 
layed because of the fact that it can stand 
the duty of making frequent voltage 
corrections. 

The characteristics of the regulated 
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voltage and therefore of the device it¬ 
self are determined by the setting of the 
voltage-regulating relay and the line-drop 
compensator. The voltage-regulating re¬ 
lay is sensitive and responds to changes 
in voltages of only a fraction of a per 
cent. To take full advantage, as far as 
regulated voltage is concerned, of the 
sensitivity of the voltage-regulating relay 
would result in almost continuous opera¬ 
tion of the induction regulator due to the 
continual variation in the incoming supply 
of voltage. It has been found practical to 
adjust the voltage-regulating relay used 
with induction regulators to initiate cor¬ 
rections when the voltage variation ex¬ 
ceeds one per cent from the desired level. 
This constitutes a total band width of 
two per cent. Corrections would be small 
and very frequent except for the fact that 
the voltage-regulating relay is equipped 
with holding coils which, when the correc¬ 
tion is initiated, hold the contacts closed 
until the voltage is corrected to approxi¬ 
mately the center of the band. This 
holding adjustment of the voltage-regu¬ 
lating relay for induction-regulator con¬ 
trol differs from that for step regulators 
in that with step regulators only suffi¬ 
cient holding is used to insure successful 
contact operation. 

The induction regulator responds im¬ 
mediately when the control initiates a 
voltage correction, with the result that, 
except for instantaneous fluctuations, the 
regulated voltage is kept within the band 
setting. This is an important character¬ 
istic of induction regulators and should 
be evaluated on the basis that any de¬ 
crease in variation of regulated voltage 
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flsur« 2. Reducing or even reversing the 
reedence compensation Is an effective method 
of stabilizing regulators operating in parallel 
where reactance constitutes a large part of the 
impedance of the circulating path and the 
circulating current is therefore largely reactive. 
Increasing the resistance setting to offset the 
reduced reactance setting will have a com¬ 
pounding effect as shown if the power factor 
is higher at full load 


permits an increase in the allowable drop way that the phase displacement of one 


in the load area for certain given maxi¬ 
mum and minimum voltages on cus¬ 
tomers’ premises. 

Single-phase induction regulators are 
basically different from three-phase in¬ 
duction regulators in the manner of vary¬ 
ing voltage. In the single-phase induc¬ 
tion regulator the voltage induced in the 
series winding varies from a maximum 
value to zero and is always in phase with 
the excitation of the shunt winding. 
The fact that no voltage is induced in the 
series winding of a regulator at a certain 
position of the rotor makes it possible to 
by-pass the series winding when switch¬ 
ing the regulator in or out of service. 
The fact that the induced voltage is in 
phase makes parallel operation feasible. 
The three-phase regulator, on the other 
hand, varies voltage by changing the 
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Figure 3. The use of paralleling reactors (X) 
inserted in the contact-making voltmeter cir¬ 
cuits by means of insulating transformers (T) is 
an effective method of paralleling regulators 
in the same station. This scheme also requires 
a low-power-factor circulating current for 
successful operation, but it has the advantage 
of permitting the line-drop compensator set¬ 
tings to match the characteristics of the feeder 
circuit 

phase of a constant series voltage through 
180 degrees. By-passing three-phase 
regulators requires paralleling with an¬ 
other similar three-phase regulator set 
in the same relative position, or the use of 
impedance to limit the circulating cur¬ 
rent when the series winding is short cir¬ 
cuited. Except in the maximum raise or 
lower position, the three-phase induction 
regulator displaces the phase of the regu¬ 
lated voltage and parallel operation 
requires the use of some means for keeping 
the rotors of the regulators in the same 
relative position. This has been ac¬ 
complished by mechanical connection 
or by the use of Selsyns. 

One method of eliminating phase dis¬ 
placement in three-phase regulators that 
is used occasionally is the interconnection 
of two three-phase regulators in such a 


is compensated for by an equal and op¬ 
posite phase displacement in the other. 

It is inherent in the design of the in¬ 
duction regulator to have a lower as well 
as a raise range. Full use can be made 
of the total lower and raise range by 
properly selecting the substation bus 
voltage with the aid of transformer taps 
or by the use of a fixed boost in the feeder 
circuit as shown by B and C, figure 1. 
The installation of shunt capacitors for 
power-factor correction produces a volt¬ 
age rise in the feeder circuit as shown by 
figure 1 C, and like a fixed boost enables 
the full use of the lower and raise range 
of the regulator without raising the sub¬ 
station bus voltage, providing the voltage 
rise produced by the capacitor equals the 
lower range of the regulator. 

Branch-Feeder 
Induction Regulator (4) 

The small single-phase induction regu¬ 
lator (12 and 24 kva, 2,400 and 4,800 
volts) especially designed for pole mount¬ 
ing has the same general characteristics 
as the station-type induction regulator. 
Utilizing the same control, it is capable of 
the same precise voltage regulation. 
This characteristic makes it suitable for 
use on main circuits serving important 
loads. Being designed to supplement 
the station induction regulator on long 
heavily loaded branches or to compensate 
for voltage drop in the load area, the 
branch-feeder induction regulator oper¬ 
ates more slowly than the station regula¬ 
tor. In case of simultaneous operation, 
the station regulator will make its Cor¬ 
rections very rapidly in comparison to the 
branch induction regulator and elimi¬ 
nate any unnecessary operation on the 
part of the latter. 

The operation of the branch induction 
regulator is sufficiently slow to permit 
the omission of the brake. This impor¬ 
tant simplification points to low main¬ 
tenance requirements, which is an impor¬ 
tant characteristic of the device. 

Regulating Transformers (5) and 
Station-Type Step Regulators (6) 

The characteristics of a regulating 
transformer are identical with those of a 
load-ratio-control transformer as far 
as correction of voltage is concerned. It 
is a question of transformer design as 
to whether load-ratio-contrbl features 
should be provided in the power trans¬ 
former used for producing the major 
change in voltage levels, or, alternatively, 
to build the main transformer as a fix ed- 
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For Instantaneous Voltage Fluctuation Causing Light Flicker 


Figure 4. Diagram showing which regulating 
equipment will correct most efficiently each of 
the undesirable conditions listed 


On Primary Circuits 


On Secondary Circuits 


Voltage-regulating equipment: 

/—Generator voltage regulators 

B —Synchronous condensers 

C—Transformers with tap changing under load 

D—Station-type step regulators 

£—Station-type induction regulators 

F—Branch-feeder induction regulators 

G—Branch-feeder step regulators 

H —Branch-feeder boosters 

/—Series capacitor 

J 1 —Shunt capacitor 

K —Autotransformer 


ratio transformer, all regulating to be 
performed by load-ratio-control equip¬ 
ment in a regulating transformer. The 
latter type of transformer is also applir 


cable where there is no question of any 
major change in voltage level but where a 
variable voltage ratio between two cir¬ 
cuits of the same nominal voltage is de¬ 
sired for voltage regulating purposes. 
Changing the voltage ratio of the regulat¬ 
ing transformer and the station-type step 
regulator, as previously pointed out, is 
accomplished by changing the turn 
ratio. This, of course, involves a switch¬ 
ing operation of the tap-changing mecha¬ 
nism; Recognizing contact wear and 
mechanism life as functions of the num¬ 
ber of operations, all manufacturers of 


step-type regulators recommend delayed 
response to reduce the number of opera¬ 
tions and so obtain reasonable main¬ 
tenance expense. Increasing the band 
width of the control likewise reduces the 
number of operations. Either of these 
expedients to reduce the number of opera¬ 
tions results in increasing the variation 
of regulated voltage. 

In the regulation of higher-voltage 
circuits (6,900 volts and up) the lower 
cost of the step-type regulator usually is 
more important than the closer regulation 
obtainable with induction-type equip- 
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ment. In addition to this, the voltage 
variation caused by the fluctuation of a 
given load will decrease as the voltage 
increases, and so operating requirements 
are less severe on subtransmission cir¬ 
cuits than in the case of lower-voltage 
distribution feeders. 

The conventional step-regulator pro¬ 
duces an in-phase voltage correction, in 
contrast to the three-phase induction regu¬ 
lator. From this standpoint the step- 
regulator is especially suitable for regulat¬ 
ing high-voltage feeders supplying low- 
voltage networks. The paralleling of 
several step-regulated feeders serving 
a low-voltage or a medium-voltage net¬ 
work smooths out the load voltage be¬ 
cause of the circulation of equalizing 
currents and so results in a smaller varia¬ 
tion of regulated voltage than would ob¬ 
tain on a radial feeder whose voltage is 
controlled by a similar step regulator. 

The power factor of circulating cur¬ 
rent depends on the ratio of resistance 
to reactance in the loop in which it 
flows. The magnitude of the circulating 
current is determined by the mag nitude 
of the voltage difference which produces 
it. With proper adjustments of the 
control—that is, of the voltage-regulating 
relay and line-drop compensator—stable 
operation (of the several parallel regulated 
feeders) can usually be obtained. Sta¬ 
bility can be readily checked by com¬ 
paring on the same base, the voltage 
drop of the circulating current in the 
loop beyond the regulating device with 
twice the voltage drop or rise in the 
line-drop compensator resulting from the 
circulating current. If the in-phase volt¬ 
age required to circulate the current is 
not much more than twice that caused 
by the circulating current in the line- 
drop compensator, there is a possibility 
of instability. The factor 2 appears, of 
course, because of the fact that in the 
case of two parallel feeders, the circulat¬ 
ing current has an outgoing and return 
path and as only one feeder constitutes 
the outgoing path and only one the re¬ 
turn path, the circulating current would 
affect only two line-drop compensators. 
Obviously the greater the uncompensated 
impedance in the circulating path, the 
more stable will be the operation. 

In cases where stable operation is dif¬ 
ficult to obtain, several possible expedi¬ 
ents may be considered. The simplest 
of these is to decrease or reverse the re¬ 
actance element in the line-drop com¬ 
pensator. This is effective where reac¬ 
tance constitutes a large part of the im¬ 
pedance of the circulating path and the 
circulating current is therefore largely 
reactive. Decreasing or reversing the 


reactance compensation (with the corre¬ 
sponding increase in resistance compensa¬ 
tion to give the desired load-center volt¬ 
age at full load) results in a compounding 
effect as the load increases, providing, of 
course, that the power factor also in¬ 
creases with the increase in load. This 
is shown by vector diagrams A and B in 
figure 2. 

Where regulators of paralleled feeders 
are located in the same station, paralleling 
reactors, such as shown in figure 3, can 
occasionally be used to advantage. This 
scheme requires the insertion of a react¬ 
ance in the current transformer second¬ 
ary circuit by means of an insulating 
transformer in addition to the ordinary 
connections of the voltage-regulating 
relay. In operation the reactive ele¬ 
ment of the circulating current produces 
drops in the paralleling reactors which 
by their effect on the voltage-regulating 
relay tend to hold the regulators together. 
Auxiliary switches are used to short-circuit 
the reactor of any regulator not in service. 
This scheme also utilizes the reactive com¬ 
ponent of circulating current, but it has 
the advantage of permitting line-drop 
compensator settings in accordance with 
the characteristics of the feeder cir¬ 
cuits. 

The step regulator with conventional 
control and line-drop compensator set to 
hold voltage at a given point on the cir¬ 
cuit will hold voltage at that point re¬ 
gardless of the direction of power flow so 
long as the requirements for voltage cor¬ 
rection do not exceed therange of the regu¬ 
lator. . The most frequent situation 
involving reversal of power is that of a 
small load and a generating plant tied 
into a larger system. In such a set-up 
it is usually desired to hold voltage at the 
load regardless of power flow and the regu¬ 
lator would therefore be installed be¬ 
tween the toad and the larger system and 
the control arranged to hold voltage on 
the load side of the regulator. 

It is rarely necessary to provide for 
changing control from one side of a regu¬ 
lator to the other. This is required 
only when the reversal of power is caused 
by a complete reversal of the principal 
load and the principal source of power. 

In installations of this type the voltage¬ 
regulating relay is usually switched 
from one line-drop compensator to an¬ 
other so that different settings may be 
used for the two different operating ar¬ 
rangements. 

Branch-Feeder Step Regulator (7) 

There is but little justification for in¬ 
stalling a device having operating charac¬ 


teristics which excel the inherent voltage 
characteristics of the circuit on which it is 
applied. In other words, the practical 
advantage of installing a device capable 
of making fine adjustments in voltage on 
a “shoe string” circuit subject to large 
sudden fluctuations in voltage is neg¬ 
ligible. 

The branch-feeder step regulator is a 
supplementaiy regulating device whose 
operating characteristics correspond to 
the voltage characteristics of the type of 
circuit on which it is intended to be in¬ 
stalled. This regulator covers a range 
of 10 per cent in four 2 x / 2 per cent steps. 
This 10 per cent range can be allocated 
by means of an easily accessible terminal 
board to give any combination of raise 
and lower within the total range of 10 
per cent; that is, it can be connected for 
10 per cent raise, 7 x /2 per cent raise and 
2 1 /2 per cent lower, 5 per cent raise and 
lower, 2 x / 2 per cent raise and 7 1 /* per 
cent lower, and finally 10 per cent lower. 
This regulator is controlled by the same 
sensitive voltage-regulating relay used 
on the induction and step-type regulators 
which with the 2 X A per cent step and the 
inherent time delay of the mechanism 
combine to keep the number of operations 
of the device and the resultant mainte¬ 
nance at a minimum. 

Branch-Feeder Booster (8) 

The one-step regulator has voltage- 
sensitive control and is designed to boost 
the voltage automatically at infrequent 
intervals to take care of periodic heavy 
demands on an otherwise lightly loaded 
circuit. By means of terminal board 
connections, the amount of automatic 
boost can be varied from 2 1 / 2 to 10 per 
cent. The series winding is tapped in four 
2 X A per cent sections which can be con¬ 
nected to give a continuous boost in addi¬ 
tion to the automatic boost as long as th e 
continuous plus the automatic boost 
does not exceed 10 per cent. Also, the 
winding can be connected to lower in¬ 
stead of raise the voltage or to provide 
any combination of continuous raise or 
lower plus an automatic raise or lower 
within the range of the series winding. 

A one-step device allows the use of a 
two-position control instead of the three- 
position voltage-regulating relay (raise, 
lower, and balanced) required for multi- 
step regulators. The single-step booster 
uses a simple resonant relay as the volt¬ 
age-sensitive element. The basis of this 
relay is a nonlinear circuit consisting of a 
resistor, a reactor, and a capacitor con¬ 
nected in senes with an auxiliary relay 
coil connected across the capacitor. The 
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nonlinear characteristics of the circuit 
permit an accurate and permanent ad¬ 
justment of the pick-up and drop-out of 
the auxiliary relay. 

Synchronous Condenser 
With Voltage Regulator (9) 

The chief application of this means of 
regulating the voltage is to situations re¬ 
quiring power-factor correction. Such 
correction, in the case of transmission 
systems, may involve under-excited opera¬ 
tion of the synchronous condenser. 
Modem types of generator voltage regu¬ 
lators are available for providing con¬ 
tinuous automatic control of the excita¬ 
tion of the condenser throughout its 
leading and lagging range. Obviously, 
such equipment is suitable for rapidly 
correcting deviations from the required 
voltage level. 

Shunt Capacitors Controlled by a 
Voltage-Regulating Relay (10) 

Automatically switched shunt capaci¬ 
tors have found limited application in 
Europe 8 as a substitute for the voltage- 
regulator-controlled synchronous con¬ 
denser where the absence of rotating 
machinery with the associated mainte¬ 
nance and control problem, as well as the 
losses involved, have favored this solu¬ 
tion. This scheme is in general limited 
to adjusting the amount of connected 
capacity in a few steps and because of the 
duty on the switchgear involved the 
scheme is not well adapted to rapid and 
frequent correction of voltage conditions. 
In case of loss of load, further switching 
problems arise which have apparently 
been successfully solved in Europe only 
because of the longer switching times 
that are considered satisfactory there as 
compared with American practice. 

The recent introduction in the United 
States of a low-capacity low-cost equip¬ 
ment to switch shunt capacitors installed 
on feeder circuits has opened a new field 
for this method of voltage control. 

In some instances the voltage rise im¬ 
parted to a circuit by a shunt capacitor, 
installed for power-factor correction, ex¬ 
ceeds desirable limits under light load 
conditions. This objectionable feature 
can be eliminated by disconnecting all or 
part of the capadtoirs with this auto¬ 
matic switch. A conventional voltage¬ 
regulating relay controls the switch 
which has suffident inherent time delay 
to prevent unnecessary switching of the 
capacitors with momentary transient 
voltage fluctuations. 

If more than one step is desired, a cor¬ 


responding number of these switches, all 
controlled by the same voltage-regulating 
relay, can be used. The use of a 
multistep equipment located at the ex¬ 
tremity of a feeder circuit provides an ef¬ 
fective means for compensating for more 
or less voltage drop throughout the en¬ 
tire load cycle. 

Shunt Reactors Controlled by a 
Voltage-Regulating Relay (11) 

The use of such reactors has been pro¬ 
posed, espedally where the charging 
current of high-voltage transmission lines 
would otherwise require the connection 
of synchronous condensers having ex¬ 
cessive lagging capacity. However, this 
scheme is subject to some of the same dis¬ 
advantages as the use of shunt capadtors 
controlled automatically in blocks and 
has the further disadvantage of being 
useless if correction of low power factor is 
required. 

Shunt Reactors With Saturating 
Windings Automatically 
Controlled (12) 

Although not subject to the disad¬ 
vantage of changing the voltage in large 
steps as is the case when shunt reactors 
are switched in and out of drcuit, shunt 
reactors having saturating windings are 
limited to locations where correction of 
low power factor will not be required and 
also cannot be used to correct lighting 
flicker conditions, since the time constant 
of the d-c saturating drcuit precludes in¬ 
stantaneous response to voltage changes. 
Furthermore, unless spedal construction 
is used, it is not possible to eliminate ob¬ 
jectionable harmonics, due to the pres¬ 
ence of high saturation in the reactor 
core, that will introduce new problems 
from the standpoint of inductive co¬ 
ordination. Most of the special con¬ 
struction features used or proposed to 
eliminate such harmonics are definitely 
limited to certain system connections not 
usually encountered in the United States. 

Series Capacitors (13) 

When used to correct voltage condi¬ 
tions, it must be realized that at best, 
series capadtors cannot correct for varia¬ 
tions in the supply voltage of the dr¬ 
cuit but can only correct for the inductive 
voltage drop. To be effective at all, 
the ratio of reactance to resistance in the 
circuit must be high, and care must be 
used in their application to circuits to 
which certain types of load are con¬ 
nected. 8 Series capadtors are relatively 


expensive because they must be entirely 
at line potential and also indude spedal 
protective means for short-circuit con¬ 
ditions on the feeder or transmission 
circuit to which they are applied. In 
general, it will not be found advisable to 
attempt to over-compensate for the re¬ 
actance drop in an attempt to correct 
for part of the resistance drop in the cir¬ 
cuit. The existence of tapped loads 
along the feeder will frequently make it 
inadvisable to consider their application. 
Although unsuited for correcting light 
flicker due to sudden loads at high 
power factor, they offer probably the 
most effective single corrective means for 
rapid voltage fluctuation due to low- 
power-factor load increments. 

Series Reactor With 
Saturating Windings (14) 

Although the freedom from moving 
parts and absence of need for special 
short-drcuit protection for the reactor 
itself at one time made this device look 
promising for feeder-regulating purposes, 
it has not as yet found general applica¬ 
tion. It necessarily has a bad effect on 
the circuit power factor, and is too slow 
in action to mitigate light flicker ap¬ 
preciably. 

Summary 

As an example of how the commoner 
types of voltage-regulating equipment 
may be applied to a power system pri¬ 
marily on the basis of their characteris¬ 
tics, figure 4 has been prepared. 
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A D-C Transformer 


By T. C. LENNOX E. V. DeBLIEUX 

ASSOCIATE AIEE ASSOCIATE AIEE 


T HE COMPANY with which the 
authors are connected undertook the 
design and construction of a device using 
a mechanical commutator which would 
transform direct current from one voltage 
to another. 

The two major commutator problems 
are current collection and commutation. 
It is well known that it is difficult to solve 
these problems especially if certain limits 
are exceeded. In the case of current col¬ 
lections, the speed of moving contacts 
cannot be indefinitely increased. 

In the case of commutation the chief 
limitation is in the voltage per bar. De¬ 
signers of commutator machines have es¬ 
tablished limits of a few hundred volts 
in the case of small current and limits of 
about 60 volts for machines of any con¬ 
siderable output. To obtain practical 
designs of commutators for high-voltage 
circuits it is necessary to increase the 
voltage per bar to very large values, usu- 
ally approaching the breakdown volt¬ 
age of the air or other medium surround¬ 
ing the bar. As sparking may ionize the 
air and initiate arc-over, it is necessary 
to have very nearly perfect commutation 
and current collection. 

Accepting this requirement of design, 
it Is necessary to devise circuits which 
will give very good commutation of cur¬ 
rent and voltage under all conditions of 
service. Such circuits may be arranged 
to rectify or invert alternating or direct 
current or to transform direct current 
from one voltage to another. If rectifi¬ 
cation or inversion is attempted, two great 
difficulties are encountered. First, that 
of obtaining perfect synchronization of 
the commutator with the alternating 
potential and, second, the balancing of 
the current and voltages of the a-c sys¬ 
tem against those of the d-c system. If 
the currents from any finite number of 
phases of alternating current are rectified 
and totaled, the resultant current is pul¬ 
sating and consequently will not perfectly 
balance a continuous current. 

These difficulties are absent in the case 
of transformation of direct current, using 
two commutators carried on one shaft 
and connected respectively to the pri- 
mary and secondary of a suitable trans¬ 
former. Synchronization is perfect and 
inherent and if the number of commutator 
bars per circuit is the same on the primary 
and secondary sides of the apparatus, 


a true balance of current and voltage is 
possible. The work described in this 
paper was based on this type of appa¬ 
ratus. 

In the course of the experiments, many 
types of commutators and circuits were 
tested, the earlier tests resulted in the 
arrangement shown in the circuit diagram 
of figure 1. Typical oscillograms are 



Figure 1. D-c transformer circuit with syn¬ 
chronous excitation and commutation and 
with brush transformer 
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shown in figured. Figure 3 is a photo¬ 
graph of the test arrangment. 

This circuit employs synchronous con¬ 
densers to supply the transformer excita¬ 
tion and to commutate the load current. 
This earlier work covered a period from 
1924 to 1926. At that time we were not 
aware of any work having been done with 
this type of circuit. Subsequently a 
patent 1 came to our attention. Within 
the last few years the work of others 2 
on this same type of circuit has been pub¬ 
lished. Since these publications explain 
the principle of operation we need discuss 
only the brush transformer which is a 
novel feature and not included in other 
circuits. 

The most desirable wave shape of trans¬ 
former voltage, from the standpoint of 
the commutator, is a trapezoidal shape. 
This would ordinarily necessitate a special 
and difficult design of synchronous con¬ 
denser to supply the excitation, but, by 
adding the brush transformer to the cir¬ 
cuit, a standard sine-wave generator may 
be used, as the brush transformer absorbs 
the difference between the supplied and 
the required voltage wave shapes. 

Since the apparatus is essentially a 
transformer, it was felt that the measure 
of its success would be its ability to meet 
the same tests as a normal power trans¬ 
former which includes short circuit, sud¬ 
den application and removal of voltage 
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with and without load, double-voltage 
test, etc. 

The apparatus shown in figure 2 was 
operated at loads up to approximately 30 
kw, 1,300 volts for periods up to 12 hours. 
Nevertheless, it was concluded that this 
type of apparatus could not be made to 
successfully withstand the tests specified 
above for the following reasons: 

(1) It is extremely difficult, and one might 
say practically impossible from a practical 
and economical standpoint, to design syn¬ 
chronous condensers of any appreciable size 
that would respond fast enough to prevent 
flashing over the apparatus on sudden large 
voltage or current changes. 

(2) In the type of commutator (open-cir¬ 
cuit type) required, the brush rides alter¬ 
nately on conducting and insulating seg¬ 
ments. Because of the difference in the 
material of the segments, unequal wear 
results, producing sparking and ultimate 
failure. Also the insulating segments be¬ 
come dirty and necessitate providing very 
long creepage paths. To minimize these 
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Figure 2. Wave forms obtained with circuit 
of figure 1 


troubles, very frequent servicing of the com-, 
mutator would be required. 

(3) The difficulties outlined above and 
other difficulties, such as minute sparking, 
that are negligible at small currents and 
voltages are greatly magnified at higher 
currents and voltages and cause frequent 
flashover. 

Further experiments to find a more 
satisfactory circuit resulted finally in the 
circuit shown in figure 4 and photograph. 

Paper number 38-41, recommended by the AIEE 
committee on electrical machinery and presented 
at the AIEE North Eastern District Meeting, 
J*ass., May 18-20, 1938, Manuscript 
submitted February 10, 1937 ; made available for 
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figure 5. In this circuit static condensers 
are substituted for synchronous conden¬ 
sers, the brush transformer is eliminated 
and the commutator is changed to the 
type (short circuit) in which the brushes 
ride solely on conducting segments with 
an air gap as insulation between the seg¬ 
ments. 

Most of the subsequent tests were 
made with the circuit shown in figure 4. 
A large number of tests were made at 
loads of 100 to 200 kw, 3,000 volts direct 
current. Since the only previous dis¬ 
closure of this apparatus has been by 
patent, 3 it will be discussed in detail. 

Referring to figures 4 and 5, there are 
seen to be two commutators mounted on a 
driving shaft with a motor. A minimum 
of six bars per commutator, connected 
through suitable slip rings to the pri¬ 
mary and secondary windings, respec¬ 
tively, of a three-phase transformer are 
required. For mechanical reasons, a 
larger number of commutator bars, 
which must be a multiple of six, is de¬ 
sirable. The commutators shown in 
photograph, figure 5, have 18 bars, of 
which three are connected to each slip 
ring. 

The transformer is of normal construc¬ 
tion with reactance and losses such as are 
acceptable for commercial a-c use. 
Lower core density than usual was used, 
for reasons to be explained later. The 
frequency depends on the rotational 
speed of the commutator and may con¬ 
sequently be selected to suit the par¬ 
ticular design. 

Figure 3. Apparatus used for tests of circuit 
of figure 1 


The motor has a suitable regulating 
device to enable it to maintain constant 
speed under all conditions. 

Voltage Commutation 

Three excitation capacitors are con¬ 
nected diametrically on the six-phase 
primary winding of the transformer. 
They may equally well be connected to 
the secondary as the magnetizing am¬ 
pere-turns may be supplied through 
either winding. 

Assume that the commutators are 
rotated at constant speed, that d-c 
voltage is applied to the brushes of the 
primary commutator and that the three- 
phase transformer is of core-type con¬ 
struction. The voltage generated in 
each phase will be of the form shown 
in figure 6, provided the correct size of 
excitation capacitors are used and pro¬ 
vided the timing of the commutator as 
determined by brush width, bar width, 
and slot width is correct. 

To explain the generation of the volt¬ 
age, reference should be made to the 
simplified diagram of figure 7a, As the 
commutator revolves the two active 
bars come under the brushes and full 
d-c voltage is applied to the winding and 
capacitor. This continues for the period 
1-2 in figure 7b, The d-c line is then dis¬ 
connected by the commutator until con¬ 
nected in the opposite direction for the 
period 3-4. 

When the connection is made at 1, 
sufficient current will flow into the 
capacitor to charge it up to the potential 
of the d-c lines. At the same time cur¬ 
rent will begin to flow through the wind¬ 



Fjgure 4. D-c transformer circuit with static- 
capacitor excitation and commutation 



Figure 5. Apparatus used for tests of circuit 
figure 4 


ing and will increase at such a rate as to 
generate a counter electromotive force 
in the winding equal to the d-c line volt¬ 
age in accordance with equation: 



When point 2 is reached and the coil 
and capacitor are disconnected from the 
line, this current in the coil will be forced 
to flow through the capacitor. The re¬ 
sult is that the capacitor is rapidly dis¬ 
charged and an oscillatory current set up 
in the loop formed by the coil and capaci¬ 
tor. The resultant oscillatory voltage 
across the coil and capacitor will have the 
form shown at Ei in figure 7b, It will 
oscillate until the commutator recon¬ 
nects the d-c line at 3, when it will be 
absorbed by the line, and d-c voltage 
applied to the coil in the opposite direc¬ 
tion. 

The frequency and amplitude of the 
oscillatory voltage are determined by 
the relative inductance, resistance, and 
capacitance of the circuit. These fac¬ 
tors are under the control of the designer, 
as are the relative periods of time 1-2 and 
2-3. Consequently, by varying these 
constants, and more particularly, by 
selecting the correct capacitor for a 
given transformer, the oscillation may be 
made to take the form E* of figure 76. 
Here the crest of the first half cycle of the 
oscillation coincides in time and magni¬ 
tude with the d-c line voltage which is 
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applied to the coil at 3. The result is a 
smooth commutation of the voltage of 
the coil during the time it is disconnected 
from the line, and, an alternating voltage 
in the coil of the form £ 2 . The capacitor 
being directly connected to the coil 
offers a circuit of negligible reactance, so 
that the coil current may be diverted at 
2 from the d-c line to the capacitor with¬ 
out causing a spark. At 3 the coil and 
capacitor have a voltage equal to line 
voltage and are consequently reconnected 
without sparking. 

In the case of the six-phase system the 
interaction of three phases results in the 
voltages shown in figure 6. The lower 
trace of the oscillogram, figure 8, shows 
such a wave form of voltage. 

It will be noted that commutation of 
the voltage is obtained by matching the 
frequency of an oscillation with the speed 
of a commutator. Obviously, in order to 
maintain this condition the speed of the 
commutator must remain constant. 
Moreover the inductance and capacitance 
of the circuit must also be constant, as 
otherwise the frequency of oscillation will 
change. This precludes the use of trans¬ 
former core densities approaching satura- 



Figure 6. Phase voltages obtained with 
circuit of figure 4 


tion, as a small change in applied voltage 
will result in a great change in inductance 
in such a transformer. The iron should 
be worked at appreciably lower densities 
than those customary in power trans¬ 
formers. This necessitates a reasonably 
high frequency if economical design is to 
result, and that in turn requires high com¬ 
mutator speeds—this being one of the 
difficulties of the design of such appara¬ 
tus. The commutation of rapidly chang¬ 
ing voltages offers other problems which 
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will be described later, together with 
their solution. 

Load Commutation 

Now assume that a load is connected 
to the secondary terminals of the circuit 
shown in figure 4. Direct current will 



Figure 7a (left). Schematic diagram of ex¬ 
citation of circuit 


Figure 7b (right). Wave form of voltages 


flow from the brushes to the load and 
must pass through the transformer 
windings. Corresponding currents will 
flow in the primary windings and will be 
drawn from the primary d-c line. 

The wave form of current in the trans¬ 
former winding will be as shown in figure 
9. During the period when the brushes 
are not short-circuiting any bars, all 
phases will be in series on each side of 
the polygon and V* d-c load current will 
flow through each of them. This con¬ 
dition exists during period 2-3, figure 9. 
The currents in the secondary commuta¬ 
tor (figure 4) must also pass through the 
windings of the single-phase series trans¬ 
former and a corresponding current will 
be induced in its secondary winding. 
This current will charge the series capaci¬ 
tor and raise the potential across its 
terminals. It may be noted that all the 
currents in the primary windings of the 
series transformer are not additive, four 
being in one direction and two reversed, 
the algebraic sum being effective in in¬ 
ducing current in the secondary. 

At time 3, figure 9, the commutator 
will have moved so that two bars of 
phase 1 are simultaneously under each 
brush and both windings of one phase 
of the transformer are short-circuited. 
Also, these short circuits each include 
two windings of the series transformer. 
The voltage of the charged series capaci¬ 
tor is, therefore, available to circulate 
current in the loop formed. At the 
moment the short circuit is caused by the 
brush, one-half d-c line current is flowing 
in each winding. The current set up by 
the capacitor voltage tends to decrease 
this current. Due to the leakage reac¬ 
tance of the transformer windings in 
which the current is flowing, the current 
not only decreases to zero but passes 
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through zero and tends to oscillate at a 
frequency determined by the constants 
of the circuit. By suitably designing the 
commutator and transformers and se¬ 
lecting the correct capacitance, this os¬ 
cillation is made such as to cause the 
current, at approximately the crest of 
the first half wave, to coincide in time 



Figure 8. Oscillograms of commutation cur¬ 
rent and phase voltage of circuit of figure 4 


with the clearing of the short circuit by 
the further rotation of the commutator 
and in value with one-half of the d-c line 
current. The result is that current is 
diverted to the d-c line without sparking. 
The dash curve C h shown for phase 2, 
figure 9 indicates in more detail the 
nature of this commutation of load cur¬ 
rent. 

The current in the series transformer 
secondary and in the capacitor is shown in 
the top trace of figure 9. It is seen to be 
the algebraic stun of the three-phase 
currents and to be of triple frequency. 
The top trace of the oscillogram, figure 8, 
shows this current. * 

As in the case of voltage commutation 
previously described, the success of the 
scheme depends on the maintenance of a 
fixed frequency and of fixed constants in 
the circuit. 

The commutating circuit forms a 
closed loop during the commutating 
period and commutation proceeds in¬ 
dependently of occurrences in other parts 
of the apparatus, giving a final value of 
current exactly equal and opposite to the 
initial value. Consequently, if the d-c 
line current changes during this period 
due to changes in load, the final current 
will not be equal to the new value of the 
d-c current and ardng at the brushes 
will occur. This is the primary cause of 
difficulty in commutating during load 
transients and short circuits. The means 
used to mitigate these difficulties will be 
discussed later. 

The charging of the capacitor during 
the period between commutations is 
necessary to store up sufficient energy to 
supply the resistance losses of the circuit 
during commutation. Too short a charg¬ 
ing period for the capacitor will result in 
the current failing to reach the correct 
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value at the correct time, regardless of 
the value of the capacitance provided. 

As a result and as may be seen from 
Ci, figure 9, commutation of the current 
begins at a definite rate, as indicated by 
a tangent to the oscillation at this point, 
and an appreciable voltage exists between 
the brush and each approaching bar. 



Figure 9. Current wave shapes obtained with 
circuit of figure 4 


The result is a tendency to bum the lead¬ 
ing edges of both due to the sudden rush 
of current. This was found to be a real 
difficulty in the operation of the appa¬ 
ratus. 

Commutator Design 

The design of commutators intended to 
operate with thousands of volts between 
bars takes us into somewhat unexplored 
fields of engineering. The conventional 
commutator teaches little except that 
true roundness, and great strength and 
rigidity to maintain it, are of great im¬ 
portance. When working with high- 
voltage commutators it is soon found 
that this quality is of even greater im¬ 
portance and must in no way be sacri¬ 
ficed to insulation and other factors. 

A different type of commutator from 
figure 5 is shown in figure 10. The 
largest commutator tested is shown in 
figure 11. Due to difficulties resulting 
from thermal expansion of the bars, this 
commutator did not operate as satis¬ 
factorily as hoped. It is of interest, 
however, that this commutator, together 
with the necessary transformers, capaci¬ 
tors and other parts, was used for many 
months as a source of 3,000 volts direct 
current for experiments on other models. 
When run under load for some hours it 
was observed that the leading edges of 
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the bars and brushes would blacken no 
matter how much care was taken to keep 
the commutator smooth and round. 
This blackening of bars and brushes on 
the leading edges was due to the abrupt 
beginning of commutation, as previously 
described. The voltage of the charged 
series condenser causes current to flow 



Figure 10. 100-kw 3,000-volt commutator 


from brush to approaching bar at a 
rapidly increasing rate as soon as contact 
is established at any point. The result 
is a slight spark which eats away the 
copper and carbon. 

The commutator shown in figure 5, 
which was built for 25 kw, 3,000 volts 
was by far the most successful from the 
mechanical standpoint. The bars were 
encased in mica and clamped into deep 
grooves in a metal wheel. Being clamped 
at one point only, they could expand 
freely endways when heated in operation. 
On the heavy steel shaft is mounted a 
machine-steel disk. In the periphery of 
the disk are milled “V” shaped slots. 
The wedge shaped commutator bars are 
moulded into mica and set into these 
slots. The bars project from the slots 
on both sides of the disk. On one side 
were attached the slip rings and on the 
other the molybdenum commutator seg¬ 
ments. Thus the whole structure was 
carried on the one steel disk. To obtain 
the necessary strength and rigidity a 
heavy steel retaining ring was placed 
over the disk and bars, and steel fillers 
inserted between the ring and the mica 
insulation on the bars. These fillers 
were pressed down onto the bars by set 
screws threaded through the ring. 

The timing of the commutator is deter¬ 
mined by the relative width of bar, of 
slot, and of brush. However, these fac¬ 
tors cannot be varied outside of certain 
limits. For instance, a brush too narrow 
will not ride smoothly over the bars and 
slots, and slots too wide in proportion to 
the bar width will, similarly, lead to un¬ 
even action. As the timing is deter¬ 
mined in part by the width of brush, it is 
essential that the latter be “worn in” 
over its whole surface and be free from 
broken edges. 

The most unusual feature of the struc¬ 


ture is the molybdenum segment on each 
bar. These were used to avoid the black¬ 
ening of the leading edges of the 
bars. This blackening results from the 
voltage of commutation between brush 
and bar and the consequent immediate 
rise of current at contact. The minute 
spark attending this condition evidently 
vaporizes copper and thereby makes 
pittings in it. The high melting point of 
molybdenum, together with its slowness 
to oxidize prevent this to an extent 
within the ability of the brush to keep 
it polished. 

However, the leading edge of carbon 
or graphite brushes would still blacken 
and get rough. In spite of the high 
melting and evaporating points of carbon, 
its poor heat conductivity, together with 
its readiness to oxidize, evidently caused 
this result. Finally a few layers of 
molybdenum gauze were placed against 
both leading and trailing faces of the 
brush and cemented inside a thin casing 
of horn fiber. The graphitized carbon 
of the brush was found to lubricate the 
molybdenum gauze sufficiently to avoid 
severe wear of the commutator, while the 
gauze resisted the destructive action of 
the current. With this arrangement and 
carefully worn in brushes many tests 
were run without showing any apparent 
deterioration of brush or bar. 

Commutation With 
Varying Supply Voltage 

Earlier tests had indicated that voltage 
could be thrown directly onto a “dead” 
machine provided it was running at 
normal speed, but this had never been 



Figure 11. 300-kw 3,000-volt commutator 


confirmed by applying as much as 3,000 
volts with a large generating capacity 
back of it. 

The principal difficulty to be antici¬ 
pated here is that of commutating the 
transient magnetizing current that flows 
for a few cycles when a transformer is 
thrown onto the line. This transient 
current reaches very large values if the 
flux density in the iron is normally high. 
The low densities required for the d-c 
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transformer, as already mentioned, bring 
this current down to values of the order 
of twice the normal magnetizing current, 
although the very worst condition, which 
is that of strong residual flux in the core 
and switching at the zero point of the 
wave, will result in somewhat more than 
this. 

An arrangement of reactor, capacitor, 
and resistor, connected between the line 
and the commutator, when correctly pro¬ 
portioned, gave perfect results, no arc- 
overs occurring during a large num¬ 
ber of voltage applications. If load were 
connected to the equipment, however, 
the reactor core would be saturated by 
the d-c load current. To avoid this it 
was provided with two windings having 
the same ratio of turns as the d-c trans¬ 
former, and connected in both primary 
and secondary d-c circuits, but in op¬ 
posite directions so that the load currents 
opposed, and hence had no effect on the 
core. The d-c energizing currents flow¬ 
ing from either or both d-c lines do not 
oppose and hence encounter the full 
inductance of the reactor, and are effec¬ 
tive to reduce transient voltages on the 
commutators. A capacitor and resistor 
may be connected between the reactor 
and commutator on the primary side 
only, or on both primary and secondary 
if the equipment is to be energized from 
either side. The effect is to apply the 
voltage gradually during the first few 
cycles and so reduce the transient mag¬ 
netizing currents. 

Commutation With 
Varying Load Current 

By having a suitable reactor connected 
in series with the equipment, variations 
in load current will set up counter electro¬ 
motive forces in the reactor which oppose 
the change in current and cushion the 
effect on the commutators. By such 
means the equipment is made to function 
satisfactorily with a varying load. 

To avoid damage from flashover, the 
equipment may be protected with high¬ 
speed circuit breakers. There being no. 
mechanically stored energy in the appara¬ 


tus which could flow into a flashover, such 
protection will be much more effective 
than in the case of machinery with a ro¬ 
tating armature or field structure. 

Conclusions 

It is felt that the circuit constants and 
difficulties in mechanical construction 
have been fairly well explored in connec¬ 
tion with this investigation and the data 
obtained should be of value in connec¬ 
tion with new projects. The growing 
need of high- and low-voltage direct cur¬ 
rent in many fields of electrical engineer¬ 
ing should result in additional applica¬ 
tions being undertaken. 
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Discussion 

J. J. Linebaugh (General Electric Com¬ 
pany, Schenectady, N. Y.): [Editor’s 

Note: This discussion covers also “New 
Types of D-C Transformers,” C. C. Hers- 
kind. Electrical Engineering (AIEE 
Transactions), volume 56, November 
1937, pages 1372—8.] It is very inter¬ 
esting to have the two papers describing 
two such radically different ways of accom¬ 
plishing d-c transformation for considera¬ 
tion at the same time. 

Engineers have long dreamed of a simple 
way to transform direct current from one 
voltage to another voltage similar to the 
well-known a-c transformer and numerous 
attempts have been made to solve this 
difficult problem. Most attempts have been 
along the lines of a commutator driven by a 
synchronous motor of some kind connected 
to operate as an inverter and as a rectifier. 

The two papers on this subject—one using 
straight mechanical means and the other 
mercury-arc rectifier vacuum tubes to 
build up a unit which would accomplish the 


desired conversion—outline a very serious 
attempt to solve this problem so that a 
commercial d-c transformer would be 
available. 

Messrs. Lenox and DeBlieux outline the 
.line of attack followed, frank discussion of 
difficulties encountered, and results ob¬ 
tained. It is the most ambitious attempt 
known to the writer to solve this problem 
and should be of interest to many engineers 
and especially to any one working on the 
development of such a. transformer in the 
future. 

It will be of interest to know that one of 
the reasons for the development of the 300- 
kw 3,000-volt transformer was the possi¬ 
bility of operating standard 600-volt street 
cars on a standard 600-volt system and also 
on a 2,400- or 3,000-volt trolley system by 
simply throwing on and off the d-c trans¬ 
former. 

Several locations were considered, one 
being the routing of such a car from the 
hotel in Butte, Mont., to the hotel in 
Anaconda, Mont., using a 600-volt trolley 
in the two towns and the 2,400-volt 28- 
mile main line of the Butte, Anaconda & 
Pacific Railway between Butte and Ana¬ 
conda. The scheme looked very promising, 
but unfortunately the automobile and good 
roads came along and absorbed the passen¬ 
ger business between the two towns. 

Mr. M. A. Edwards has described a small 
inverter built along the lines of the unit 
described by Messrs. Lennox and DeBlieux 
using improvements and material made 
available since that time. This application 
has real merit and, if the demand for a d-c 
transformer becomes great enough un¬ 
doubtedly the authors have opened the way 
to the development of a successful trans¬ 
former of the nontube type. 

Mr. Herskind, on the other hand, de¬ 
scribes connections, circuits, characteris¬ 
tics, etc., using mercury-arc rectifier tubes 
to take care of commutation difficulties and 
sequence of circuits instead of a mechanical 
commutator. The circuits tried out, giving 
either constant current or constant voltage 
output, open up many possibilities for 
future application. 

While the units under test were not as 
large as the 300-kw d-c transformer, they 
were large enough to demonstrate the prac¬ 
ticability of such a unit. 

The size of this type of d-c transformer is 
dependent on capacity and reliability of 
mercury-arc rectifier tubes. 

Perhaps the d-c transformer of the future 
will be a combination of the two lines of 
attack covered by these interesting papers. 

It is believed a d-c transformer can be 
made available for commercial use if de¬ 
mand is great enough to warrant the cost of 
development. 
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Instruments (or the New Telephone Sets 

By W. C. JONES 

MEMBER AIEE 


Synopsis: Transmitters and receivers for 
use at subscribers' telephone stations have 
been designed which not only materially 
improve transmission but also simplify 
manufacture and facilitate maintenance. 
This paper discusses these improvements 
and describes some of the new design tech¬ 
nique employed in their development. 

JL S A RESULT of continuous develop- 
ment work on transmitters and re¬ 
ceivers for use at subscribers' telephone 
stations, new instruments have been de¬ 
signed which not only materially improve 
transmission but also embody features 
which simplify manufacture and facilitate 
maintenance. These instruments are 
now being produced for use in handsets, 
desk stands, and wall sets in the Bell 
System. 1 

In many respects these instruments rep¬ 
resent outstanding advances in trans¬ 
mission instrument design and perform¬ 
ance. It is the purpose of this paper to 
discuss these improvements and to de¬ 
scribe some of the new design technique 
employed in their development. The 
data presented will be confined almost en¬ 
tirely to physical measurements which 
serve to define the performance character¬ 
istics of the instruments. The interpre¬ 
tation of these data in terms of their re¬ 
lationship to the characteristics of as¬ 
sociated apparatus and their over-all re¬ 
action on transmission in the telephone 
plant is covered by a companion paper 
dealing with the transmission features of 
the new sets. 2 


transmitter. 3 There are now about five 
million of these transmitters in use in the 
plant of the Bell System. While experi¬ 
ence has shown that they effect an out¬ 
standing improvement in performance 
they do not take full advantage of the 
possibilities of the unit type of construc¬ 
tion from the standpoint of simplifica- 



Figure 1. Handset and desk stand equipped 
with the new instruments 


tion, owing to the fact that a number of 
additional parts are required to mount 
the unit on the existing type of handset 
handle. The advantages of the unit type 
of instrument have been realized in a new 
design of handset introduced during 1937, 
about a million of which have been pro¬ 
duced. This handset is shown with the 
new combined set in the photograph, 
figure 1, and in cross section on figure 2. 

In designing this handset every effort 
has been made to obtain the maximum 
degree of simplicity consistent with the 


electrical requirements involved and at 
the same time to secure an attractive de¬ 
sign which harmonizes with the other 
station apparatus on the subscriber's 
premises. Only three phenol plastic parts 
are employed; namely, the handle and 
the transmitter and receiver caps. In 
designing these parts particular attention 
has been paid to providing adequate cross 
sections at the points of maximum stress 
and to distributing the weight so as to re¬ 
duce to a minimum the breaking moments 
which are developed when the handset is. 
dropped. The transmitter and receiver 
caps serve the dual purpose of holding the 
units in place and providing mechanical, 
protection. In addition they thoroughly 
insulate the user from all the metal parts 
which are included in the electrical cir¬ 
cuit. Both caps have smooth surfaces- 
which can be readily cleaned. As will be 
pointed out later, the grid of the receiver 
cap also has a transmission function and 
plays an important part in determining 
the response in the upper frequency range. 
Spring contacts are provided to facilitate 
the assembly of the units in the handle. 
This operation is further facilitated by the 
fact that specific alignment of the units, 
and the caps relative to the handle is un¬ 
necessary. The spacing between the- 
transmitter and receiver is such that the- 
handset can be used with the existing 
type of desk mounting as well as with the: 
new combined set. 

Desk-Stand and 
Wall-Set Applications 

The photograph, figure 1, also shows, 
the new transmitter and receiver unit 


Figure 2. Cross section of the handset 


Handset Applications 

The new transmitter unit with an 
adapter was first introduced in 1934 as a 
replacement for the earlier type of handset 

Paper number 38-81, recommended by the AIEE 
committee on communication and presented at the 
AIEE summer convention, Washington, D. C„ 
June 20-24,1938. Manuscript submitted April 18, 
1938; made available for preprinting May 27, 1938. 

W. C. Jonhs is transmission instruments director 
of the Bell Telephone Laboratories, Inc., New 
York, N. Y. 

1. For all numbered references, see list at end of 
paper. 
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adapted to desk-stand and wall-set use. 
Cross sections of these instruments are 
shown on figure 3. The faceplate, 
mouthpiece, and protective grid of the 
transmitter are combined in one phenol 
plastic part which is so designed as to re¬ 
duce cavity resonance to a minimum and 
provide response characteristics essen¬ 
tially the same as those of the handset 
transmitter. On the other hand, the 
mouthpiece is sufficiently prominent to 
encourage the user to talk directly into 
it and in this way reduce the losses which 
often result when flush-type faceplates 
are employed with desk-stand and wall- 
set instruments. A phenol plastic part, 
equipped with contact springs, holds the 
unit tightly in the faceplate and provides 
electrical connections. 

As in the handset the unit of the re¬ 
ceiver is held in place by the cap. Springs 
nre provided in the shell for bringing out 
the electrical connections. A metal in¬ 
sert adds sufficient weight to meet the 
•switch hook requirements of the existing 
•sets. The phenol plastic parts of both 
the receiver and transmitter are so de¬ 
signed as to thoroughly insulate the units 
and minimize breakage. 

Transmitter Unit 

The new transmitter unit is of the 
■“direct action” type, that is, one in which 
the movable electrode serves the dual pur¬ 
pose of contact and pressure surface. As 
is shown by figure 2, this electrode is 
mounted at the center of a diaphragm of 
thin aluminum alloy formed into a shallow 
•cone and ribbed to add rigidity. 
“Books” of thin impregnated paper 
mounted in a recess in a die-cast frame 
provide a resilient support for the edge of 
the diaphragm. The fixed electrode is 
held in place in the frame by a threaded 
ring and is insulated from the frame by a 
phenol fiber washer and a ceramic insula- 



iFigure 3. Cross sections of the transmitter and 


receiver for desk stands and wall sets - 
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tor which also forms one of the surfaces of 
the carbon chamber. The active sur¬ 
faces of both electrodes are gold plated. 
A silk annulus clamped at its outer edge 
between the ceramic insulator and the 
frame and its inner edge between the 
movable electrode and the diaphragm 
forms a resilient closure for the carbon 
chamber. Electrical connection between 
the movable electrode and the frame is 
provided by means of metal strips of low 
stiffness. Provision is made for machine 
filling the carbon chamber through a hole 
in the fixed electrode and closing this hole 
by means of a cap which crimps over a 
projecting shoulder. The exposed sur¬ 
faces of the cap and the threaded ring are 
silver plated and form the contact surfaces 
for the electrical connections. A mois¬ 
ture-resistant membrane protects the in¬ 
ternal parts of the unit from the effects of 
condensed moisture from the breath. 
This membrane is clamped at its outer 
edge between a protective grid of perfo¬ 
rated metal and the frame. A thin 
metal ferrule fastens the grid to the frame. 
The exposed parts of the unit are anodi- 
cally finished to resist corrosion. 

In addition to being simpler than the 
earlier transmitter and hence less difficult 
to produce, the new transmitter unit has 
characteristics such that: 

1. Its performance is less affected by angu¬ 
lar position. 

2. There is less aging under the conditions 
encountered in service. 

3. The electrical output is higher and the 
response more uniform. 

4. The modulation products resulting from 
nonlinearity are materially reduced. 

Effect of Angular Position 

In order to insure good contact between 
the carbon granules and the diaphragm 
in the positions in which the handset is 
most likely to be held in service, the car¬ 
bon chamber of the earlier transmitter 
was placed in front instead of the conven¬ 
tional location in back of the diaphragm. 8 
The positional characteristics of this 
transmitter were further improved by the 
use of a “barrier” type of variable resist¬ 
ance element in which the electrodes are 
stationary and form the walls of the car¬ 
bon chamber, and in which the surface of 
the diaphragm in contact with the gran¬ 
ules is insulated and serves only as means 
for changing the contact forces between 
the granules in response to the variations 
in sound pressure at the diaphragm sur¬ 
face. While this transmitter represented 
a distinct advance in handset perform¬ 
ance from a transmission standpoint 
, and was quite effective in reducing unde¬ 
sirable positional effects, particularly in 



INCLINATION OF DIAPHRA6M FROM VERTICAL - DE6REES 

Figure 4. Positional characteristics of the 
transmitter 


the “horizontal face-up” position, it was 
somewhat complicated mechanically and 
involved the problem of providing 
a closure between the diaphragm and 
the adjacent electrode which would 
be sufficiently resilient to meet the 
transmission requirements and at the 
same time prevent carbon leakage. In 
addition, there was some degradation in 
quality when it was held in the “horizon¬ 
tal face-down” position where the car¬ 
bon granules tended to fall away from the 
diaphragm. While this condition oc¬ 
curred only infrequently in service, it was 
one which it was considered desirable to 
eliminate if this could be accomplished 
without making the structure mechani¬ 
cally complex or difficult to manufacture 
or maintain. A tendency also was ob¬ 
served in the field for the resistance to 
increase sufficiently under certain condi¬ 
tions to react adversely on the operation 
of the associated signaling apparatus. 
Owing to the inherently small areas of the 
sound passages leading to the diaphragm 
the moisture condensed from the breath 
could not be excluded by a membrane 
without complicating the structure and 
adding sufficient mechanical impedance 
to impair transmission. 

Following the introductory work on the 
barrier transmitter, an intensive study of 
the direct-action type of carbon element 
was made to determine whether the limi¬ 
tations of the earlier structures of this 
type, which arose from the nonfluid 
character of the carbon, could be over¬ 
come. This study resulted in the trans¬ 
mitter unit shown on figure 2. This unit 
eliminates the undesirable features of the 
inverted type without sacrificing its de¬ 
sirable characteristics. 

The electrode surfaces of the new trans¬ 
mitter unit are so proportioned and so 
spaced relative to each other that the im¬ 
portant current paths shift their locations 
in the carbon mass with changes in an¬ 
gular position in a manner such that the 
mean effective pressures in the paths arid 
the lengths of the paths result in sub- 
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Figure 5. Limiting values of transmitter 
resistance 


stantiaUy constant resistance in aU posi¬ 
tions. Furthermore, the components of 
the axial motion of the diaphragm effec¬ 
tive in changing the contact forces in the 
paths are also such as to produce essen¬ 
tially constant modulation. Not only is 
the total resistance of the paths between 
the electrodes substantially constant, 
but this resistance also is uniformly dis¬ 
tributed between the individual contacts 
with the result that at no time does the 
contact potential rise to a value suffi¬ 
ciently high to produce objectionable car¬ 
bon noise or 4 ‘burning.” These features 
result in resistance, volume efficiency and 
carbon noise characteristics which, as is 
shown by figure 4, are essentially inde¬ 
pendent of angular position. 

Another and perhaps a more exacting 
criterion of the adequacy of a transmitter 
from the standpoint of its ability to func¬ 
tion satisfactorily in all positions is the 
extent to which its transmission char¬ 
acteristics at normal speech intensities 
are adversely affected when immediately 
preceded by loud speech. If a poorly de¬ 
signed transmitter is held in a position 
such that the carbon granules tend to fall 
away from the movable electrode when 
this test is applied, the nonfluid action of 
the carbon will prevent the re-establish- 
ment of contact with the electrode sur¬ 
face with the result that volume losses of 
as much as 20 decibels and a serious deg¬ 
radation in quality take place. Fur¬ 
thermore, these losses persist until the 
transmitter is jarred or moved about 
sufficiently to change the configuration 
of the granules. On the other hand, if the 
effect of the frictional forces within the 
granular mass has been taken fully into 
account in the design of the carbon ele¬ 
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ment, these forces will not react in a 
manner such as to prevent good contact 
with the electrode following the large 
amplitude produced by loud speech and 
uniform volume and good quality will ob¬ 
tain at all times. The new transmitter 
meets this test with a substantial margin. 

Carbon leakage is prevented in the new 
instrument without impairment of trans¬ 
mission by the resilient silk closure for the 
carbon container previously mentioned. 

Aging 

Transmitter design has advanced to a 
stage where heating at the points of con¬ 
tact in the carbon element need no longer 
be an important source of aging. There¬ 
fore, such aging of the granular material 
as occurs in a well-designed instrument is 
limited almost entirely to that resulting 
from changes in the properties of the 
granules caused by abrasion of their sur¬ 
faces when the transmitter is subjected 
to mechanical shocks such as occur when 
the handset is placed on the mounting. 
As in the case of the earlier transmitter, 
the new transmitter is machine filled 3 
with the result that the motion of the 
granules and the resultant surface abra¬ 
sion is reduced to a minimum. 

The changes in resistance due to the 
residual aging have little adverse effect 
in so far as volume is concerned. In fact, 
the constants of most of the circuits in 
which the transmitter is used are such 
that an increase in resistance adds to 
rather than decreases the electrical out¬ 
put because of the greater amount of 
power supplied to the transmitter from 
the central office battery. 

On the other hand, an increase in resist¬ 
ance, though small, may prove to be im¬ 
portant in certain circuits where a critical 
relationship between transmitter resist¬ 
ance and the performance of associated 
apparatus exists. Under these condi¬ 
tions variations in transmitter resistance 
may result in failure of the associated ap¬ 
paratus to perform satisfactorily if cer¬ 
tain limiting values of resistance are ex¬ 
ceeded. In determining the limits to be 
placed on these values account must be 
taken of all the variables in the circuit in 
which the transmitter is connected. Ob¬ 
viously combinations of variables of this 
nature cannot be dealt with on the basis 
of averages alone but must include some 
measure of their range, such, for example, 
as the standard deviation. 4 The available 
data indicate that average transmitter 
resistances and standard deviations which 
lie within the area bounded by the dotted 
curve, figure 5, will have no adverse effect 
on circuit operation in the Bell System 
plant. This curve is based on certain 


marginal circuits of which there are a 
number in everyday use. An important 
transmitter resistance in determining the 
performance of associated apparatus in 
these circuits is the resistance during the 
period when the call is being established. 
This resistance is referred to as the signal¬ 
ing resistance. As is shown by the solid 
curves the signaling resistance of the earlier 
type of transmitter after artificial aging 
by an amount considered to be the equiva¬ 
lent of four years in service falls outside 
the acceptable area. On the other hand 
the resistance of the new type when aged 
and measured under identical conditions 
falls well within the limiting curve and 
hence not only requires less frequent re¬ 
placement but also permits greater free¬ 
dom in circuit design and plant layout. 

Moisture condensed from the breath 
is an important factor in determining the 
life of a transmitter. A protective mem¬ 
brane is provided in the new transmitter 
unit which not only is highly moisture re¬ 
sistant but also results in no appreciable 
transmission impairment. The charac¬ 
teristics of the material employed in this 
membrane are such that it is not affected 
by the aging conditions encountered in 
service such, for example, as the alkaline 
reaction of water after it has been in con¬ 
tact with phenol plastic parts or tobacco 
ashes. The exposed metal parts are 
finished to resist the corrosive action of 
these agents. 

Response 

Reducing the transmitter to an equiva¬ 
lent electrical circuit provides a useful 
means for analyzing its performance and 
determining the extent to which the in¬ 
dividual parts contribute to its response. 




Figure 6. Pressure and field-response char¬ 
acteristics of the transmitter 
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Figure 7. Sum and difference components as 
a function of the intensity of the fundamental 
frequencies 

Such a circuit for the new unit is shown 
on figure 6. 

While the diaphragm can be repre¬ 
sented as a lumped mass for frequencies 
in the region below 3,500 cycles per sec¬ 
ond, it is necessary to consider it as being 
composed of three masses coupled by 
stiffnesses in order to adequately repre¬ 
sent its performance at higher frequencies. 
These masses consist of the central por¬ 
tion ms, the ribbed intermediate portion 
and the outer portion w 4 . The cen¬ 
tral portion includes the mass of the mov¬ 
able electrode and is coupled to the ribbed 
portion by the stiffness s& which in turn 
. is coupled to the outer portion by the 
stiffness si. The paper books which sup¬ 
port the edge of the diaphragm have a 
stiffness $4 and a resistance n. Their 
mass is included in the mass of the outer 
portion of the diaphragm m 4 . The in¬ 
ternal resistances of the portions which 
form the coupling stiffnesses s 2 and s 6 
are represented by r 2 and, re respectively. 
A hole is provided in the diaphragm to 
permit rapid equalization of low-fre¬ 
quency pressures of high intensity and 
prevent damage to the diaphragm and 
other parts. The mass and resistance of 
this hole m 8 r 8 are so chosen that their ef¬ 
fect on response is confined to frequencies 
below 300 cycles per second where the 
station circuit itself is relatively ineffi¬ 
cient. The controlling stiffness s 8 is 
that of the cavity between the dia¬ 
phragm and the die-cast frame. As is to 
be expected the impedance of the carbon 
granules is a function of amplitude and 
frequency. However, for the purpose of 
this type of analysis, their impedance 
characteristics can be represented to a 
first approximation by a constant stiff¬ 
ness and resistance r^ 6 . The mass of 
the carbon is lumped with that of the 
central portion of the diaphragm. The 
grid of the transmitter unit proper is pro¬ 
vided for mechanical protection only and 
has holes large enough to have no reac¬ 
tion on response. When assembled in a 
handset or* desk stand a second grid of 
insulating material is added. The holes 
of this grid have amass and resistance, 
Wore, which must be taken into account 
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in arriving at an over-all picture of the 
factors affecting response. These holes 
are coupled to the moisture-resistant mem¬ 
brane win, by means of the stiffness So 
of the enclosed cavity. The cavity stiff¬ 
ness Si couples the membrance to the dia¬ 
phragm. 

There are two types of response-fre¬ 
quency measurements in general use; 
namely, pressure-response measurements 
in which a constant sound pressure is 
maintained at the face of the transmitter 
throughout the frequency range covered 
by the test, and field-response measure¬ 
ments in which a sound field of constant 
intensity is established at each frequency 
before inserting the test transmitter. 
Pressure response is used principally for 
purposes of analysis whereas field re¬ 
sponse usually affords a better measure 
of the performance of the transmitter 
under the conditions of actual use. 

The pressure response of the new trans¬ 
mitter measured with a constant sound 
pressure at the grid, and the response 
computed from the equivalent circuit 
are shown on figure 6. The transmitter 
used in this test was artificially aged by an 
amount equivalent to two years of serv¬ 
ice in order to simulate more nearly 
plant conditions. While the computed 
curve departs slightly from the measured 
curve at certain frequencies, due to the 
inadequacy of some of the basic assump¬ 
tions, such as those which were made rela¬ 
tive to the impedance of the granular car¬ 
bon, the agreement in general is so good as 
to provide a powerful tool for predeter¬ 
mining the response characteristics of 
transmitters under development and a 
useful method for evaluating the reaction 
of one element of the transmitter on an¬ 
other. Reducing the transmitter to an 
equivalent electrical circuit also has 
proved invaluable in determining the 
causes of variations in transmitter per¬ 
formance observed during manufacture. 

As previously mentioned, the response 
characteristics of a transmitter under con¬ 
ditions of actual use may differ from those 
obtained with a constant pressure at its 
face. In general this is due to the fact 
that the diffraction effect of the trans¬ 
mitter as an obstacle in the sound field 
has not been taken into account. While 
not as readily predetermined as the pres¬ 
sure response, the field response can be 
easily measured by inserting the trans¬ 
mitter in a sound field of constant in¬ 
tensity. An artificial voice 5 is used in 
this measurement as a sound source and 
the electrical input is adjusted to main¬ 
tain a constant sound pressure at the 
guard ring at each frequency before in¬ 
serting the instrument under test, Re- 
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sponse curves for the new and early types 
of transmitter obtained in this way also 
are shown in figure 6. Both show rising 
characteristics in the region of 2,000 
cycles per second. While it is feasible to 
design a transmitter having a substan¬ 
tially flat field characteristic, experience 
has shown that the transmission obtained 
with a transmitter having a rising re¬ 
sponse in this frequency region more 
nearly approaches direct speech, 2 when 
used with a representative line and the 
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Figure 8. Closed-coupler response charac¬ 
teristics of the receiver 


new receiver, than that obtained with one 
having a more uniform field response. 

Nonlinear Distortion 

A substantial reduction in nonlinearity 
has been effected in the new transmitter 
unit. 

It is a well-known fact that the slope of 
the input-output curve of most trans¬ 
mitters is not unity even for sound in¬ 
tensities other than those at which over¬ 
loading occurs. However, this departure 
from nonlinearity does not entirely ac¬ 
count for the modulation products de¬ 
veloped when two frequencies are im¬ 
pressed on the transmitter. Measure¬ 
ments of the sum and difference com¬ 
ponents in the output of the new trans¬ 
mitter and the earlier transmitter for 
frequencies of 1,500 and 1,700 cycles per 
second are shown on figure 7. It will be 
noted that whereas the difference com¬ 
ponent produced by the earlier instrument 
is equal to the fundamental within the 
speech range, the sum and difference 
components are both ten decibels or more 
below the fundamental at all the intensi¬ 
ties measured in the case of the new unit, 

A tendency for the difference com¬ 
ponent to be considerably more pro- 
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nounced than the sum component in the 
case of the earlier transmitter is charac¬ 
teristic of all of the commercial instru¬ 
ments measured during the development 
of the new unit. As previously men¬ 
tioned, this cannot be fully explained by 
a nonlinear relationship between input 
and output. The available data indicate 
that it is due to the manner in which the 
resistance changes cyclically when pres¬ 
sure waves of two frequencies are im¬ 
pressed simultaneously on the trans¬ 
mitter. Similar effects also have been 
observed in the microphonic action of 
carbon contacts themselves. Hence it is 
not unlikely that this is a fundamental 
characteristic of the carbon itself. If 
this proves to be true the extent to which 
an improvement can be effected in the 
performance of the transmitter will de¬ 
pend upon the ultimate control which can 
be exerted over the basic properties of the 
granular material. 

Receiver Unit 

The new receiver unit is of the bipolar 
permanent-magnet type. The magnetic 
circuit consists of pole pieces of 45 per 
cent Permalloy, two straight bar mag¬ 
nets of Remalloy and a Permendur 
diaphragm. 6 The magnets are welded 
to the pole-pieces to form a unit which is 
mounted on projecting lugs on the die- 
cast frame. The coils are wound with 
enamel insulated wire interleaved with 
cellulose acetate. The pole tips project 
through a phenol fiber plate which is 
fastened at the edge to the frame to form 
a cavity in back of the diaphragm. This 
cavity is connected to the recess in the 
handset handle or receiver shell by a hole 
in the plate. A disk of specially pre¬ 
pared silk covers this hole and provides 
the required amount of acoustical re¬ 
sistance. The silk fabric is so woven that 
it does not change in resistance with 
wetting and drying. The front of the 
unit is protected by a perforated metal 
grid which is assembled to the frame by 
means of a thin ferrule. A disk of im¬ 
pregnated silk is mounted between the 
grid and the frame to form a screen which 
prevents the transfer of foreign material 
from the front to the back of the dia¬ 
phragm when the receiver is dropped. 
The grid and ferrule are anodically fin¬ 
ished to resist corrosion. The spring 
contact surfaces are silver plated. 

Prior to the introduction of this unit 
the receivers in general use for telephone 
purposes in this country and abroad em¬ 
ployed simple resonant diaphragms and 
as a result had response characteristics 
which were characterized by prominent 
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resonance peaks. As a rule the peak due 
to the first overtone, as well as that due 
to the fundamental resonance, fell within 
the important frequency range. This 
resonance not only introduced frequency 
distortion but increased the intensity 
with which circuit disturbances such as 
clicks were reproduced. Furthermore, 
the diaphragms of these receivers were 
rigidly clamped between surfaces which 
differed in temperature coefficients of 
expansion and heat capacities from those 
of the diaphragm with the result that the 
performance of the receiver was erratic 
and at a given time was dependent upon 
the temperature changes to which it had 
been subjected. 

The new receiver is so designed that: 

1. All prominent resonances within the 
important frequency range have been 
eliminated and the response within this 
range materially improved. 

2. The effect of changes in temperature 
has been eliminated. 

3. These improvements have been accom¬ 
plished without sacrificing simplicity of 
design or introducing features which com¬ 
plicate manufacture of the receiver or in¬ 
crease the maintenance required. 

Response 

An equivalent electrical circuit for the 
receiver and a typical closed coupler re¬ 
sponse curve are shown on figure 8. Re¬ 
ferring to this figure it will be noted-that 
there are two meshes in the circuit which 
contain mass, stiffness and resistance and 
which control the motion of the dia¬ 
phragm. One of these meshes consists 
of the acoustical resistance min coupled 
to the diaphragm Wo^o by the stiffness 
Si of the cavity between the diaphragm 
and the plate which surrounds the pole 
tips. Included in this mesh is the stiff¬ 
ness of the cavity in the handset handle 
or receiver shell. The other mesh is 
composed of a cap grid m%n and the load 
5*4 coupled to the diaphragm by means of 
the cavity stiffness s&. The grid of the 
receiver unit proper is provided for 
mechanical protection only and has holes 
large enough to have no reaction on re¬ 
sponse. The mass of the resilient screen 
is small and is lumped with the diaphragm 
mass w 0 . The electrical portion of the 
circuit consisting of the winding RiLi 
and the equivalent eddy current circuit 
R2L2 is coupled to the mechanical and 
acoustical portion by means ofJthe force 
factor M. 1 

The response computed from the equiva¬ 
lent circuit for a number of frequencies 
is included on figure 8. The agreement 
between this curve and the measured 
curve is excellent and makes it possible 
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to predetermine the response of the re¬ 
ceiver with a high degree of accuracy, 
and to evaluate the effect on the over-all 
response of the receiver of changes in the 
constants of the component parts. This 
type of analysis also has been invaluable 
as an aid in establishing the causes of 
variations in response which have been 
observed during the development and 
production of the receiver. A measured 
response curve of a receiver of the earlier 
type has been added to figure 8 for con¬ 
venience of reference. The improvement 
in uniformity and range of response is 
obvious. It will be noted that large 
gains have been effected for frequencies 
in the range from 1,500 to 3,000 cycles per 
second. 

The response of the receiver to a square- 
topped wave affords an excellent measure 
of frequency distortion. Oscillographic 
records of the output of typical receivers 
of the new and earlier types are shown on 
figure 9 for a frequency of approximately 
50 cycles per second. The distorting 
effect of diaphragm resonance is so ob¬ 
vious as to require no comment beyond 
pointing out that for accurate reproduc¬ 
tion of square waves uniform response 
for an infinite frequency range is re¬ 
quired and that the slight rounding of the 
comers of the wave as reproduced by the 
new receiver is due primarily to the falling 
off of its response above 3,000 cycles per 
second. 

The substantially uniform response of 
the new receiver also renders clicks and 
other surges much less objectionable. 
This is due to the fact that the ear does 
not respond to the peak value of ail os¬ 
cillatory transient alone but integrates 
the oscillation over an interval at the 
beginning of the surge, hence the higher 
the damping the less objectionable the 
dick. 

The nonlinear distortion produced by a 
receiver of the new type is negligible in its 
reaction on transmission, the harmonics 



Figure 9. Response of the receiver to square 


waves 

A—] Measuring circuit—no receiver 
B — Early type receiver 
O—lNew type receiver 
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in the output being 35 decibels or more 
below the fundamental. 

Magnetic Circuit 

Inasmuch as the magnetic properties 
of the diaphragm, as well as its mechani¬ 
cal properties, must be considered in ar¬ 
riving at the preferred dimensions, it was 
necessary in designing the new receiver 
to develop criteria which could be applied 
in determining the optimum relationships 
between these factors. This study led 
to the use of the ratio of the force factor 
to the effective mass of the diaphragm for 
this purpose. For given magnetic mate¬ 
rials in the pole pieces and the diaphragm 
and a given air-gap length, there is a pole- 
face area and diaphragm thickness for 
which this ratio is a maximum. Typical 
data illustrating this relationship are 
shown on figure 10. The available mag¬ 
netic materials were studied using this 
technique and a decision was reached to 
use Permendur in the diaphragm and 45 
per cent Permalloy in the pole pieces. 

There is a value of polarizing flux for 
which the force factor of the given mag¬ 
netic circuit is a maximum. The rate at 
which the force factor falls off above and 
below this optimum value of flux is a 
function of the magnetic characteristics 
of the materials employed, the length of 
the air gaps, etc. Without exception the 
more efficient magnetic circuits have been 
found to be the most critical as regards 
polarizing flux. Hence, if wide variations 
in the efficiency of the product receivers 
are to be avoided and serious losses due 
to subsequent demagnetization in service 
prevented, means must be provided not 
only for bringing the flux in each re¬ 
ceiver to the optimum value, but also for 
insuring that it remain at this value dur¬ 
ing the life of the instrument. In order 
to accomplish this result the magnets of 
the new receiver are so designed as to 
overpolarize the magnetic circuit when 
they are fully magnetized. Equipment 
is provided for demagnetizing each re¬ 
ceiver to its optimum flux value during 
the assembly process. Receivers which 
are not sufficiently overpolarized before 
demagnetization to resist further de¬ 
magnetization under service conditions 
are rejected. 

Temperature Effects 

The diaphragm of the new receiver is 
held in place by the force developed by 
the polarizing flux and hence it is free to 
expand and contract independently of its 
seating surface. This feature renders the 
performance of the receiver independent 
of the changes in temperature to which it 
has been subjected. The force due to 
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the polarizing flux is sufficiently high to 
prevent rattling at input intensities 
many times those of loud speech. 

Coupling 

Although station circuits can be de¬ 
signed which under ideal conditions re¬ 
sult in no sidetone, this objective is never 
fully realized under actual plant con¬ 
ditions, with the result that a part of the 
electrical output from the transmitter 
always reaches the local receiver. 
Whether the electrical coupling between 
the transmitter and receiver as evidenced 
by the residual sidetone is of importance 
from the standpoint of sustained os¬ 
cillation or “howling,” depends upon the 
degree of mechanical and acoustical 
coupling between the instruments. 
Handset and instrument design has ad¬ 
vanced to a stage where mechanical 
coupling need no longer be a problem. 
On the other hand, as the response of the 
instruments is improved, the acoustical 
coupling may become an important item 
in determining the howling margin. 
This margin is so large under the condi¬ 
tions where the new handset is being used 
for transmission purposes that there is no 
tendency for oscillation or distortion to 
occur. However, if the handset is 
placed face downward on a desk or table, 
an air column is created which resonates 
in the region of 2,500 cycles per second. 
Inasmuch as this is the region where a 
substantial improvement in the response 
of the receiver has been effected, a marked 
reduction in howling margin results. 
While there is still sufficient margin to 
meet all of the requirements of field use, 
this situation serves to emphasize the fact 
that such factors as acoustic coupling 
may limit the transmission improvements 
which can be effected under a given set of 
operating conditions. 

Effective Transmission 

The extent to which the better per¬ 
formance of the new instruments is ef¬ 
fective in improving the grade of trans¬ 
mission afforded the telephone user is a 
complex matter and one which is in¬ 
fluenced by such factors as the charac¬ 
teristics of the circuits with which the 
instruments are associated at a given 
time, the amount of noise present at the 
transmitting and receiving stations, the 
reaction of sidetone on the loudness with 
which the user speaks, the distance be¬ 
tween his lips and the face of the trans¬ 
mitter, the tightness with which he holds 
the receiver to his ear, etc. Many of 
these factors are beyond the control of 
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Figure 10. Foree-to-mass ratio as a function 
of diaphragm thickness and pole-piece area 


the engineer responsible for the design 
of the transmitter and receiver and hence 
can be evaluated, in so far as their re¬ 
action on transmission is concerned, only 
by tests made under the conditions of 
actual use. 

A method has been devised which 
makes it possible to rate the over-all 
effect of these factors on transmission in 
a way representative of the results ob¬ 
tained by the subscribers in their normal 
use of the instruments. 8 Numerous tests 
employing this method of rating were 
made during the development of the new 
transmitter and receiver to make certain 
that the course followed in their develop¬ 
ment would insure the best possible per¬ 
formance under service conditions. Simi¬ 
lar tests were also made of the designs 
selected for production. These tests 
show that in many respects the new in¬ 
struments represent outstanding advances 
in transmission instrument design and 
performance. 
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Combined Thyratron and Tachometer 
Speed Control of Small Motors 

By A. J. WILLIAMS, JR. 

ASSOCIATE AIEE 


M UCH has been done in applying 
thyratrons to motors. l “ 4 This 
paper is restricted to cases where the 
speed of the motor is measured by an 
electric tachometer whose output is used 
to control the motor input. Since this 
control is made fast by the use of thyra¬ 
trons, it is possible to hold the speed of 
the motor constant under difficult con¬ 
ditions or to vary it rapidly in exact 
accordance with requirements. Three 
applications of control of this general type 
are described together with the methods 
used. The first application is to a null- 
type high-speed recorder, the second to a 
high-speed controller, and the third to a 
motor generator set held in synchronism 
with a source of frequency normally con¬ 
stant and at low power level. 

High-Speed Recorder 

One of the principal problems in de¬ 
signing a high-speed recorder is to move 
the pen or stylus to its final position 
within the allowed time without over¬ 
shooting. If the quantity being meas¬ 
ured, after making an abrupt change, 
holds constant at its new value until the 
chart paper has advanced sufficiently for 
the pen to draw a short section of straight 
line, , then, any overshooting of the pen if 
. present can be recognized as such and the 
record can be interpreted without serious 
error. However, the measured quantity 
may not be constant at its new value, in 
which case overshooting is very objec¬ 
tionable because it is impossible to dis¬ 
tinguish between overshooting and the 
true maximum or minimum value of the 
measured quantity. 

In the case of a null-type instrument, 
such as a slide-wire recorder, inertia is 
generally large, which fact tends to ac¬ 
centuate overshooting. Inertia is gener¬ 
ally large because of certain accessories, 
and allowance for such accessories, as 
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control disks, slide-wire transmitters, 
Selsyn transmitters, etc. By avoiding 
these accessories and redesigning with 
lighter parts the overshooting can be 
reduced, 6 but a very good way to elimi¬ 
nate overshooting entirely and at the 
same time have rugged parts and retain 
the accessories is to reduce the speed as 
the balance point is approached. 

One way of reducing speed is to reduce 
motor input, but in general motor input is 
a poor index of motor speed because of 
the effect of inertia load, variable friction 
load, and the limitations of motor char¬ 
acteristics. 6 ’ 7 Ways of reducing the 
speed more definitely have been investi¬ 
gated and it has been found to be most 
satisfactory to use an electric tachometer 
to measure speed and control it. 

With the use of the tachometer, the 
motor requirements are simplified. It 
need only be capable of meeting the 
maximum torque demand and should, of 



Figure 1. Motor and coupled tachometer 


The d-c tachometer for controlling the motor 
speed is flexibly coupled to an extension of the 
motor shaft 



Figure 2. Combined motor tachometer unit 


The d-c tachometer for controlling the motor 
speed is built into a common frame with the 
motor 
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course, have minimum inertia if maximum 
speed of recording is desired. A series 
commutator motor serves very well. The 
field turns are reduced somewhat below 
standard d-c practice. This reduces field 
inductance and gives better performance 
on the pulsating output of the thyratrons. 

The tachometer is nothing more than 
a d-c generator with a permanent-magnet 
field. Figure 1 shows it as a separate 
unit coupled to the motor through a 
coupling designed to have maximum tor¬ 
sional stiffness. Figure 2 shows it built 
integral with the motor. 

The motor receives its power through 
one or the other of a pair of thyratrons, 
for forward or reverse torque, as required. 
The connections are indicated schemati¬ 
cally in figure 3. This figure shows the 
recorder as a d-c potentiometer of low 
range (2 l A millivolts). 6 The current 
through the slide-wire potentiometer is 
set at a fixed value so that each and every 
position of the slide-wire contact cor¬ 
responds to a known voltage and, since 
the pen moves with the contact as it is 
driven to the balance point by the motor, 
the pen position indicates the value of the 
measured electromotive force. 

Any unbalance is detected by a vacuum- 
tube amplifier. This is not a d-c am¬ 
plifier as might be supposed. In general 
d-c amplifiers are subject to a drift in 
zero. Instead an a-c amplifier is used 
which can have slight drifts in sensitivity 
but no drift in zero. 

The a-c signal for the amplifier is de¬ 
rived from the imbalanced d-c voltage by 
the action of a carbon-microphone modu¬ 
lator driven at approximately constant 
amplitude at line frequency. This form 
of detector is fast and free from the ef¬ 
fects of vibration. 

In operation, if there is a sudden de¬ 
crease in the electromotive force being 
measured, there will be an unbalanced d-c 
voltage in this circuit. A current will 
flow, the microphone will modulate the 
current, that is, it will produce an a-c 
component. The a-c component in pass¬ 
ing through the primary winding of the 
low-level transformer will develop an a-c 
voltage across it. The secondary wind¬ 
ing will apply a stepped-up a-c voltage to 
the amplifier. The amplifier output is 
connected to a push-pull transformer 
which in turn is connected to the grids 
of the thyratrons. The thyratron plates 
are supplied with an a-c voltage having a 
definite phase relation to the microphone 
drive. In one or the other of these thyra¬ 
trons, the grid will be positive when the 
plate is positive and this tube will pass 
current, thus urging the motor to drive 
the pen downscale. 
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60 CYCLES 

Figure 3. Simplified diagram of potenti¬ 
ometer recorder 


As shown, the circuit Is arranged for recording 
the voltage of a thermocouple. When used 
as a controller the part to the right of B-B Is 
unchanged except for the addition of an 
inductance in series with R 

If, instead of a sudden decrease, there 
is a sudden increase of the measured 
electromotive force the unbalanced direct 
current will be in the opposite direction, 
the phase of the alternating current ap¬ 
plied to the amplifier will be reversed, 
so that the grid of the other thyratron 
will be positive when its plate is positive. 
It will pass current and urge the motor to 
drive the pen upscale. 

If there is no imbalance there will be 
no direct current through the microphone, 
there will be no a-c component, and no 
motor current. 


anced is to throw on full accelerating 
torque and leave it on up to a certain 
critical time, at which time the torque 
should be reversed. If the time be cor¬ 
rectly chosen for reversal the system will 
just come to rest at the balance point. 
This time can be picked by using a tach¬ 
ometer with a voltage output proportional 
to the square of the speed. The method 
is effective for any magnitude of un¬ 
balance and for any position of the bal¬ 
ance point. This is evident when one 
considers that the kinetic energy in the 
motor (and parts that move with it) in¬ 
creases in proportion to the square of the 
speed and that this energy must never be 
allowed to exceed that which.can be ab¬ 
sorbed subsequently by the braking of the 
motor. The energy which can be ab¬ 
sorbed decreases directly with the re¬ 
maining distance to the balance point. 

At every instant the voltage from the 
square-law tachometer indicates the ki¬ 
netic energy and the remaining unbal¬ 
anced voltage indicates the energy which 
can be absorbed by braking, so, as soon 
as the former voltage equals the latter, 
the accelerating torque is turned off and 
the braking torque is turned on. 

In practice, it has been found that the 
nonlinear current-voltage curve of a cop¬ 
per-copper oxide rectifier 8 when used with 


or later affect the deviation voltage 5. 

From the description of the recorder 
already given (and with a linear tach¬ 
ometer) it is evident that the shaft will be 
moved at a speed proportional to the 
deviation voltage S. That is: 



( 1 ) 


where t is time and Ki is a constant. 
This well-known type of control, 9 which 
is quite satisfactory for the recorder, is 
likely to be quite unsatisfactory for con¬ 
trolling a machine or system which in 
itself has delay or time lag. Quite often 
if set up to operate with speed sufficient 
to be useful, it will hunt or cycle. 

If the effect of the tachometer is re¬ 
duced to a negligible amount by in¬ 
creasing R or decreasing r (figure 3) and 
if at the same time a slide-wire potenti¬ 
ometer with its output connected in series 
with the deviation voltage S is placed upon 
the control motor shaft, then the position 
of the shaft will be controlled to be pro¬ 
portional to the deviation S , That is: 

A » KiS ( 2 ) 

This well-known type of control 0 is not 
likely to hunt. It does not, however, 
reduce to zero the deviation from normal 


From this it can be seen that, if th 
recorder is balanced, it will stay balancec 
and if it is unbalanced, it will be urge 
toward the balanced position (with fu 
torque). 

If the recorder consisted of nothing 
more than this, it would overshoot (an< 
possibly oscillate) due to inertia of th< 
parts, hence the use of the tachometer 

The tachometer voltage is attenuate 
by a pair of resistors connected as shown 
This voltage is then introduced into th t 
circuit of the measured electromotive 
force so that in operation, the speed of the 
motor is controlled to maintain the sum 
of all three voltages in this circuit at 
zero. In other words, the tachometer 
voltage is controlled to be equal to the 
difference between? the measured electro¬ 
motive force and the slide-wire electro¬ 
motive force. Hence the speed of re¬ 
balance tends to be proportional to the 
remaining unbalance. In this way, the 
speed is reduced as the balance point is 
approached so that there can be no over¬ 
shooting no matter how abrupt nor how 

large may be the change in the measured 
quantity. 

It is of interest to consider a system of 
this general type in the case where the 
only limitations are a fixed torque and a 
fixed inertia. In this case, the quickest 
conceivable way to get the system bal- 
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a linear tachometer gives a very satis¬ 
factory square-law tachometer as indi¬ 
cated by the resulting performance shown 
in figure 5. It may be noticed that the 
point of maximum speed does not occur 
exactly half way toward balance either in 
distance or in time as it would in the 
limiting case. The greater time given to 
deceleration is the result of a margin of 
safety in the adjustment of the tachome¬ 
ter voltage in order that overshooting 
may not occur under the worst combina¬ 
tion of adverse conditions. 

High-Speed Controller 

Those familiar with problems of auto¬ 
matic control will recognize in the re¬ 
corder system just described some fea¬ 
tures and elements well suited to auto¬ 
matic control. Refer to figure 3 and con¬ 
sider the system to the right of B-B as a 
controller. Disregard the part of figure 
3 to the left of B-B and consider instead 
that there is here substituted the machine 
or system to be controlled. 5 is an 
electromotive force which indicates the 
deviation from normal of the controlled 
variable such as speed or temperature 
A is the position of the control motor 
shaft and also the position of the rheo¬ 
stat or valve or whatever is involved, but 

which, in any case, if changed, will sooner 
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e upper case contains the motor, tachometer, 
si e-wire, slide-wire rheostat, pen, and 
chart while the lower case contains the micro¬ 
phone, low-level transformer, voltase ampli¬ 
fier, and thyratrons 
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unless equilibrium just happens to be 
reached for the normal position of the 
control motor shaft, A. 

By omitting the slide-wire and placing 
in series with the tachometer, inductance 
as well as resistance we get the well- 
known type of control 9 * 10 



where R is the resistance in ohms and L 
is the inductance in henries in the tach¬ 
ometer circuit. L is not shown in figure 3. 
Ki is revolutions per second per volt in 
the tachometer divided by r (the coupling 
resistor) in ohms. S is the deviation in 
volts and A the position of the shaft in 
revolutions, t is time in seconds. 

By choosing proper constants this con¬ 
trol becomes as stable and fast as type (2) 
and reduces the deviation to zero as does 
type (l). 

It is of interest that the complete con¬ 
trol system uses no elements which are 
not used in the recorder with the ex¬ 
ception of the inductance L. The motor 
tachometer unit figure 2 is mounted on 
the rheostat or valve of the system bring 
controlled. This type of controller is of 
value for processes which require sen¬ 
sitivity and speed in their control, but 
which in themselves have too great a 
time lag to permit the use of a simple type 
of control. The magnitude of the proc¬ 
ess time lag that can be handled satis¬ 
factorily with this type of control is 
limited by the circuit elements available 



WITH MODIFIED 
(APPROXIMATELY 
SQUARE LAW) 
TACHOMETER 



These curves show how overshooting can be 
eliminated and how the rebalancing time/ 
can be reduced by the proper use of a 
tachometer in a recorder 


for use in the tachometer circuit in the 
controller. Principally, the limitation is 
in the time constant of these circuit ele¬ 
ments. 

Synchronized Source of A-C Power 

The problem here is to provide an a-c 
source of several hundred watts syn¬ 
chronized with a signal capable of supply¬ 
ing only' a small fraction of a watt. The 
signal frequency is normally held con¬ 
stant at 60 cycles per second. One pos¬ 
sibility is the use of a thyratron inverter, 
but in some applications a controlled 
motor-generator seems better suited, 
because tube capacity requirements are 
less, the output voltage can be made in¬ 
dependent of input voltage variations, 
and tube failure causes only a loss of 
frequency control rather than a complete 
loss of voltage. 

The generator is necessarily an a-c 
machine. The motor is a d-c machine, 
shunt (or compound) wound, and re¬ 
quires a d-c source of supply. The 
control of the speed of the shaft is the 
means whereby the frequency of the gen¬ 
erator output is controlled. The speed is 
controlled by the action of a thyratron on 
the motor field. For the purpose of con¬ 
trol the speed function is obtained by 
comparing the frequency of the gener¬ 
ated a-c wave with the voltage wave of 
the standard signal. Hence in this appli¬ 
cation the a-c generator itself serves as 
the equivalent of a tachometer. 

The thyratron is supplied with alternat¬ 
ing voltage on its plate from the a-c 
generator (self-excited) and with alternat¬ 
ing voltage on its grid from the control¬ 
ling signal. In operation, if the m ac hin e 
slows down the plate voltage increases 
its lag with respect to the grid voltage, 
more current is passed which weakens the 
motor field until the speed is returned to 
normal. 

If the cause of the slowing down re¬ 
mains, the field must continue in its 
somewhat weakened condition as a result 
of more thyratron current which in turn 
is maintained by a greater phase lag of 
the output voltage of the a-c generator 
with respect to the signal voltage. The 
control therefore sets motor field pro¬ 
portional to the relative angular position 
of the generator rotor. 

When this system was still in the ex¬ 
perimental stage and consisted of no 
more than that described above, it was 
found that full load variations could be 
taken care of readily, but that the d-c 
. input voltage had to be maintained within 
rather dose limits. This was not sur¬ 
prising because of the inherent char- 



Figure 6. Simplified diagram of synchronized 
motor generator 


This diagram shows, in addition to the basic 
control, how the voltage across the motor 
field is integrated by the RC circuit and how 
the result is used to modify the control 


acteristics of a shunt motor with field 
saturation of the usual amount. Changes 
in load require only small changes in 
field (even less if there is compounding), 
but changes in d-c input voltage require 
very considerable changes in field. A 
wide range of d-c input voltage, there¬ 
fore, dictates that the maximum effect of 
the thyratron on the field be large. 
Since this large effect must reduce to 
zero as the advance in the rotor increases 
to only one-half of a cycle (180 electrical 
degrees), the phase control can be said to 
be “stiff.” 

Stiffening the phase control increases 
the tendency to hunt; hence there is 
needed some means for counteracting 
this tendency so that the phase control 
can. be made stiff enough to permit a 
satisfactory range of d-c input voltage. 

The immediate effect of reducing the 
field on a shunt motor is to reduce the 
counter electromotive force, increase 
the armature current, and hence increase 
the torque. The simple control, as de¬ 
scribed so far, therefore makes the torque 
(angular acceleration of the rotor) pro¬ 
portional to the relative angular position 
of the rotor. Because it takes no account 
of the relative angular velocity of the 
rotor the oscillations are not definitely 
damped, hence the difficulty with hunt¬ 
ing. It is not simple to take account of 
this relative velocity by measuring it di¬ 
rectly, so instead it was decided to inte¬ 
grate the acceleration and to use the 
result to modify the control as will be 
explained. Since the integral of accelera¬ 
tion is velocity , this arrangement gives 
the desired damping effect and so allows 
a wide range of d-c input voltage. 

A simplified circuit is given in figure 6. 
Normally the thyratron component of the 
field is determined by the phase relation 
between the alternator electromotive 
force and the signal electromotive force. 
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This is the basic control. To supply the 
damping effect this phase relation is 
modified by the saturable reactors in ac¬ 
cordance with the strength of the motor 
field as indicated by the voltage across it, 
integrated by capacitance C which is 
charged and discharged through re¬ 
sistance R. 

If the inductance of the saturable re¬ 
actors decreases there is an advance of 
phase relative to the signal of the a-c 
voltage applied to the thyratron (grid to 
cathode). The saturable reactors are 
each standard permalloy core trans¬ 
formers and two are used with one wind¬ 
ing reversed in order to eliminate trans¬ 
former action. 11 Each core is saturated 
equally by a direct current determined 
by the d-c resistance of the reactors and 
the voltage across capacitor C. Theory 
and practice indicate that this current 
does not interfere with the functioning of 
C provided C is sufficiently large (50 
microfarads). 

In operation, when there is a shift in 
load or d-c input voltage, there is in 
general an angular shift of the rotor 
(relative to the signal). The rotor, as 
observed by a stroboscope, generally 
overshoots the final angle a few degrees, 
but after a few damped swings settles 
definitely into position. No cycles are 
lost so synchronism is maintained. 

If at any time the d-c input voltage is 
momentarily interrupted or if the ma¬ 
chine is overloaded, then synchronism will 
be lost. However, if conditions within 
the normal working range are restored 
before the motor starter drops out, the 
machine will resynchronize. This is 
accomplished by the assistance of the 
centrifugal contacts as shown in figure 6. 
These contacts play no part as long as 
the machine is running within a per cent 
or so of normal speed, one being closed 
and one being open at this speed. Their 
action in synchronizing is to cut in and 
out field resistance thus bringing the 
machine to within a per cent or so of 
synchronous speed from either the high 
or low side. From either of these speeds 
the machine can readily pull itself into 
synchronism. 
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Lightning Protection of 22-Kv Substations 

By E. R. WHITEHEAD 
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Synopsis: This paper outlines laboratory 
and field tests with a surge generator and 
cathode-ray oscillograph which led to the 
co-ordination of insulation and lightning- 
arrester performance in substations on the 
22-kv sub transmission system of the Du- 
quesne Light Company. 

A basic level of 150 kv for station insula¬ 
tion was selected in 1932, and methods of 
obtaining this level are presented together 
with the operating record for five years. 
The index representing the station equip¬ 
ment faults in per cent of total system 
faults during thunderstorms has decreased 
86 per cent following system-wide improve¬ 
ment programs modernizing insulation and 
arresters. 


R ECENT papers on basic impulse in¬ 
sulation levels, 1 lightning arrester 
application, 2 and the general co-ordination 
problem 3 * 4 summarize a vast amount of 
work which has been done to place sta¬ 
tion lightning protection on a sound 
theoretical basis for the use of system de¬ 
signers and protection engineers. 

Since 1932 the Duquesne Light Com¬ 
pany has been actively engaged in an in¬ 
sulation co-ordination and lightning- 
arrester modernization program guided 
by this theory and based upon data ob¬ 
tained through laboratory and field tests 
with a 750-kv surge generator and 
cathode-ray oscillograph. 

Because of the problems encountered in 
the protection of 22-kv station equip¬ 
ment, and the choice, in 1932, of 150 kv 
as a basic impulse insulation level, it is 
felt that a description of practice and re¬ 
sults obtained would be timely. 

The Problem 

In the years 1930 and 1931 severe 
lightning seasons caused the number of 
substation equipment failures to reach 
such proportions that some measures to 
reduce them became imperative. It was 


already quite clear that any effective 
measures must be based upon accurate 
and voluminous data on the character¬ 
istics of equipment and protective de¬ 
vices. 

The wide variety of insulation in use, 
together with little knowledge of the 
actual performance of various types of 
arrester, made it impossible to hope for an 
effective improvement program based 
upon data furnished by electrical equip¬ 
ment manufacturers. It was believed 
that only a comprehensive and funda¬ 
mental attack would suffice, and in 
January 1932, a surge generator and 
cathode-ray oscillograph were installed 
in the high-voltage laboratory of the com¬ 
pany. 

Laboratory Tests 

Kilovolt-time breakdown curves have 
been obtained for almost every insulation 
element of the system which is susceptible 
of such a measure. If a curve was not 
feasible, as in the case of transformers, 
minimum breakdown values have been 
ascertained which serve as approximate 
guides when considered with other data. 

The characteristics of lightning ar¬ 
resters have been extensively studied in 
relation to the breakdown curves of the 
equipment to be protected. 

Figure 1 illustrates typical laboratory 
tests to obtain these data. The arrester 
performance shown by the volt-time and 
volt-ampere oscillograms is representative 
of approximately 60 per cent of the ar- 
rester protection in service prior to 1932, 
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and reference to this performance will be 
made in the discussion which follows. 

An important addition to these some¬ 
what standardized tests was the devising 
and testing of methods to increase the 
strength of system elements which could 
not be replaced except at prohibitive cost. 

Field Tests 

The portability of the surge generator 
and cathode-ray oscillograph made it 
possible to test substations as a whole to 
determine points of maximum voltage 
caused by reflections, and to detect un¬ 
suspected weak insulation. Lightning 
arresters in service were tested—some¬ 
times with startling results. In still 
other tests, bus and disconnect-switch 
insulators were flashed over, with no 
regard to the shape of the applied surge, 
and the results compared with those pre¬ 
dicted by laboratory impulse breakdown 
curves. The upper curve of figure 2 a 
shows a kilovolt time-lag curve of a two- 
unit pedestal insulator obtained in the 
laboratory. The lower curve is a replot 
of oscillogram 55-7, with zero time cor- 



Figure 1. Typical laboratory testa 

Oscillogram C45-3-4—25-lcv arrester 
Oscillogram C19-7—34.5-kv disconnect 

switch 
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responding to the crest value of the 60- 
cyde breakdown, and is the record of the 
flashover of the same type of pedestal 
insulator installed on the bus of a trans¬ 
mission substation. 

Figure 2 b shows a volt-time oscillo¬ 
gram of an arrester taken immediately 
after de-energizing it. for field tests. 

Application of Bata to 
System Improvement 

When a cross section of the system in¬ 
sulation had been obtained, it became ap¬ 
parent that much of the indoor insulation 
was not protected by the arresters in¬ 
stalled, at a moderate discharge current. 
Circuit breakers, disconnect switches, 
bus insulators, transformer bushings, and 
even some current transformer bushings 
and windings were found to have mini¬ 
mum impulse strength in the range from 
100 kv to 150 kv, 

A survey of all 22-kv indoor stations 
revealed that a basic level of 150 kv 
could be established by rebuilding certain 
types of circuit-breaker bushings, re- 
pladng bus and disconnect-switch in¬ 
sulators of low strength, and eliminating 
some obsolete equipment entirely. 

Fortunately, the most widely used in¬ 
door disconnecting switch had a minimum 
breakdown of 150 kv, and this value was 
chosen as the minimum for all acceptable 
insulation. In some substations, special 
measures were required to bring the 
strength above the minimum set. 

Figure 3 illustrates the relation be¬ 
tween the arrester and typical kilovolt¬ 
time curves of insulation. Although 
curves are shown for a disconnect switch 
and three different circuit-breaker bush¬ 
ings, many other insulation elements 
would practically duplicate these curves. 

Three types of circuit breaker were 
equipped with a bushing composed of an 
outer corrugated porcelain tube, an inner 
“Micarta” tube extending above and 
below the procelain, and a copper stud 
of much smaller diameter. The air space 
between the stud and tube was easily 
overstressed, and puncture of the Mi¬ 
carta tube followed by air flashover from 
the top of the porcelain to the circuit 
breaker operating mechanism was com¬ 
mon. This defect was remedied by fill¬ 
ing the air space with another close-fitting 
Micarta tube and increasing the length 
of the external portion of both tubes. 

Other circuit-breaker bushings could 
neither be lengthened nor replaced, ex¬ 
cept at an unwarranted cost. In such 
cases the connection to the bushing was 
heavily taped, great care being exercised 
to exclude air pockets. Tests indicated 
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Figure 2a. Comparison of field test flashover 
with laboratory curve 



Figure 2b. Field test on 25-kv arrester/ first 
impulse 


that this expedient increased the impulse 
strength well above the basic level. 

A great many transformer bushings 
possessed sufficient strength external to 
the transformer tank, but were very 
weak internally because of low air or oil 
surface clearances between the lead and 
the tank. Other bushings were adequate 
internally but were very weak externally. 
To solve this problem and reduce bushing 
stocks, a one-piece porcelain bushing was 
developed having adequate' impulse 
strength externally and which extended 
below the oil level in all transformers. 
By means of flange adapters one bushing 
was made applicable to transformers of 
different manufacture. 

In one station, subject to numerous 
bus failures, the entire bus of bare copper 
was removed and replaced with 22-kv 
varnished-cambric insulated wire. To 
avoid taped joints within the small com- 
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MICROSECONDS 

Figure 3. Typical performance of indoor 
equipment prior to co-ordination 

Curve 1—Disconnect switch 
Curves 2, 3, 4 —Oil-circuit-breaker bushings 
Curve 5 —Arrester, 1,500 amperes in six 
microseconds 

Curve 6 —Arrester, 3,250 amperes in six 
microseconds 
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FlSure 4. Breakdown of 25-lcv line-type 
arresters 

partment which would lower the impulse 
strength, the bus was run to each dis¬ 
connect switch and then back to the com¬ 
partment. The switch was at the haoir- 
levd of 150 kv, and the bus much higher. 

Figure 3 shows clearly that the basic 
level of 150 kv could not reliably be pro¬ 
tected by the arrester whose performance 
is indicated. Further, insulation levels 
as high as 200 kv were endangered when 
the arrester discharge current exceeded 
3,000 amperes. A general replacement 
program was necessary to establish sys¬ 
tem-wide arrester performance nr»w the 
basic level. 

Several designs of station and line-type 
arrester were critically tested, and from 
the results it was concluded that the 
protection provided by station type ar¬ 
resters was not sufficiently greater than 
that provided by line-type units to justify 
the greatly increased cost. 

Two line-type units were decided upon 
and the replacement program begun. 
Figure 4 shows positive and negative 
break-down data on the two arresters A 
and B. Figure 5 shows a high current 
test on one of five impedance blocks used 
in the 25-kv arrester A. 

Figure 6 illustrates the co-ordination of 
equipment insulation and the arrester 
performance for both light and heavy 

discharges. It is apparent that the maxi¬ 
mum impedance drop of arrester A de¬ 
pends primarily on the rate of increase of 
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discharge current, while that of arrester 
B depends upon the maximum magnitude 
of the discharge current. Laboratory 
tests and field experience indicate that 
the solid line curves are near the maxi¬ 
mum voltages which the insulation of the 
arresters themselves will support, for the 
arrester is destroyed before curve 1 is 
reached. 

In an attempt to obtain some idea of 
the winding strength of 22-kv transform¬ 
ers, a 667-kva single-phase 22-kv to 2.3- 
kv transformer was tested to breakdown 
with the results given in figure 7. Os¬ 
cillogram 98-1 shows three full waves ap¬ 
plied without a winding breakdown. 
Oscillogram 98-4 shows two winding 
breakdowns. The first winding break¬ 
down occurred at an applied voltage of 
210 kv on another test intermediate be¬ 
tween those shown. The rarity of trans¬ 
former failures makes it probable that the 
actual strength of most of the trans¬ 
formers is near 200 kv. 

Since the outset of the co-ordination 
program, 408 circuit-breaker bushings, 
388 transformer bushings, and 342 new 
arrester units have been installed. Nu¬ 
merous changes of other equipment and 
insulation have also been necessary to 
achieve impulse strength equal to or 
above the basic level. 

System Performance 
After Improvements 

Two methods were adopted to main¬ 
tain as close a check as possible on the 
efficacy of the co-ordination progr am 
The first of these was a systematic in¬ 
vestigation of each individual station 
fault caused by lightning, and accurate 
recording of aU line, cable, and station 
equipment faults during thunderstorms. 
The second method involved the selection 
of 13 stations notable for frequent light¬ 
ning failures prior to the improvements, 
and the installation of lightning-arrester 

operation counters in these stations. This 

group is well scattered about the system 
and is thought to be a fairly representa¬ 
tive sample. The operation recorder 
developed was energized by the current 
through the arrester, and it counted each 
distinct discharge. 

Figure 8 gives index numbers for the 
total 22-kv line, cable, and station equip¬ 
ment faults; the station equipment 
faults alone; the station faults in per 
cent of the total faults; and the nntr,h» r 
of arrester operations recorded in the 
sample group of stations. To facilitate 
comparison of the first two data, the 
average of the 1930 and 1931 figures has 
been taken as 100. For the arrester 


operations, the average number of opera¬ 
tions per year has been taken as 100. 
The correspondence between arrester 
operations and total faults merely re¬ 
flects the fact that the number of surges 
which are virtually certain to exceed the 
basic station kilovolt level is propor¬ 
tional to the number of surges exceeding 
the line insulation at the point of origin. 
This conclusion is believed justified by 
the further facts that the average length 
of overhead line between stations is ap¬ 
proximately two miles, and the line in¬ 
sulation ranges from a minimum of about 
300 kv to over 1,000 kv. In this con¬ 
nection it is also well to remember that 
direct strokes to the line causing flashover 
to ground within a few spans of the sta¬ 
tion will result in voltages limited by the 
stroke current and the structure ground 
resistance, rather than by the structure 
insulation alone. 

Although the impulse testing of equip¬ 
ment and arresters was begun in 1932, 
a number of arrester replacements and 
insulation improvements put into effect 
in 1931 were confirmed by the tests, and 
their influence on system performance is 


A -14 KIL0AMPERES PER MICROSECOND 

~46 K1L0AMPERES 



° s-*-» 

MICROSECONDS ° 

Figure 5. High-current test on one of five 
blocks used in arrester A 
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Figure 6. Typical co-ordination of Indoor 
equipment after improvements 

Curve 1—Transformer bushing 
Curve 2—Oil-circuit-breaker bushing 
Curve 3 —Disconnect switch 
Curve 4 —-Arrester B 
Curve 5 —Arrester A 
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shown in figure 8. Despite the fact that 
a slight increase in the actual number of 
station faults occurred in 1931, the 
weighed index giving these faults in per 
cent of total shows a decided drop. 

In 1934 and 1935 the work was largely 
directed toward 66-kv transmission sub¬ 
station problems and 4-kv equipment pro¬ 
tection, and this divergence is strikingly 
revealed by the index numbers. Again, 
further 22-kv improvements were put into 
effect late in 1935, and the 1936 record 
was still better. 

Conclusions 

The widely varying conditions en¬ 
countered on subtransmission systems 
make it difficult to generalize the results 
of this program in any valid maimer. 
The co-ordination of insulation and ar¬ 
resters has been in accordance with the 
present recommended basic level of 150 
kv. Considerations of cost and space 
limitations dictated the choice of this 
level at the beginning of the co-ordination 
program in 1932, and the result of five 
years' operating experience are given in 
this paper. For systems having insula¬ 
tion and arrester performance whose re¬ 
lation to the basic level is comparable to 
that of figures 1 and 3, and whose ex¬ 
posure to surges is of the same degree as 
that cited, one may anticipate that 
similar improvement in performance will 
accompany co-ordination based upon 
detailed knowledge of insulation and ar¬ 
rester characteristics. 



Figure 7. Winding breakdown tests on a 
667-kva 22-kv to 2.3-kv transformer 
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Curve 1—Station equipment faults 
Curve 2—Total 22-kv faults 
Curve 3—Station arrester operations 
Curve 4—Station faults as per cent of total 
faults 
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Discussion 

E. J. Allen (General Electric Company, 
Pittsfield, Mass.): This paper illustrates 
the practical benefits resulting from a com¬ 
prehensive program of insulation co-ordina¬ 
tion and protection. One of the most 
significant of these benefits is the great 
reduction in station faults caused by light¬ 
ning in per cent of the total faults, after the 
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co-ordination program was well under way 
in 1933. Figure 8 of the paper shows that 
although the total faults caused by light¬ 
ning on the 22-kv system were higher in 
1934 and 1936 than any other year since 
1929, the percentage of station faults due 
to lightning has been steadily decreasing. 

The choice of 150 kv as a basic impulse 
insulation level in 1932 for station equip¬ 
ment on this 22-kv system is the same as 
that more recently published by the EEI- 
NEMA Joint Committee. 1 As this paper 
concerns line-type lightning arresters, it is 
of timely interest to note the line-type 
lightning-arrester performance data* pre¬ 
sented by the lightning arrester subcom¬ 
mittee. This report shows that the average 
impulse protective characteristics afforded 
by new designs of 25-kv line-type lightning 
arresters is less than 100 kv crest—repre¬ 
senting over 50 per cent margin of protec¬ 
tion to the 150-kv basic impulse insulation 
level. 

Figure 1 of this discussion shows volt¬ 
time and ampere-time oscillograms taken 
on modern 25-kv Thyrite line-type light¬ 
ning arresters at discharge currents of 1,790 
and 5,600 crest amperes. 

Figure 2 shows the general appearance of 
this type of arrester; employing unit type 
construction and containing Thyrite- 
shunted gaps and the main Thyrite valve 
element disks in the same housing. The 
impulse tests shown in figure 1 were ob¬ 
tained from a 25-kv arrester of the type 
shown second from the left-hand side of 
figure 2. 

Calculations indicate that the maximum 
impulse wave of a 1,000-kv crest passed by 
the line insulation described by the author 
results in a lightning-arrester discharge 
current approximately 3,800 amperes at the 
fine terminals, assuming 500-ohm fine surge 
impedance. This seems to indicate that 
lightning-arrester discharge currents in 
service, except for possibly chopped waves 
resulting from direct lightning strokes con¬ 
tacting the fine at a point close to the 
station, are well within the range of dis¬ 
charge currents up to 5,000 amperes, as set 
forth in the report of the lightning arrester 
subcommittee. Moreover, Messrs. Mc- 
Eachron and McMorris 3 have summarized 
the data in regard to lightning-discharge 
currents through lightning arresters located 
on primary distribution circuits rated 2,400 
to 24,000 volts. These data show that 90 
per cent of the discharge currents measured 
through lightning arresters are 5,000 am¬ 
peres or less. These data apparently show 
that approximately 25 years may be ex¬ 
pected to elapse for each discharge of at 
least 5,000 amperes through any one 
arrester. 

Previous experience, together with the 
results shown in this paper, demonstrates 
the benefits resulting from a fundamental 
attack on the lightning problem. It is un¬ 
economical and impractical to build into the 
connected apparatus sufficient insulation 
strength to withstand unmodified lightning 
voltage in service. Hence, lightning arrest¬ 
ers affording ample margin of protection to 
apparatus insulation are the established 
economical basis of system co-ordination 
and protection. 
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Figure 1. Impulse protective characteristics, 
Thyrite line-type lightning arrester, maximum 
rated 25 kv 



Figure 2. Thyrite line-type lightning arresters, 
maximum rated 20, 25, 30, and 37 kv, 
respectively 
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P. L. Bellaschi (Westinghouse Electric a 
Manufacturing Company, Sharon, Pa 
Mr. Whitehead’s paper presents a £ 
example of the application of insulati 
co-ordination, where it was thorougl 
planned and well carried out to provi 
unproved protection to 22-kv substatioi 
At the time this work was initiated, impul 
data on installed apparatus were rath 
meager. The wisdom, therefore, in usii 
an impulse generator from the start is ful 

achieved ^ reSUltS ib * t have h * 

•WMtehMrf° f f^- iCular “ terest * that M 
Wmtehead, startmg out in 1932 in his c 

ordination work, arrived after certain tes 

f t0 conc lusion that 160 li 

fe Oie 22-kv substations was a sound in 
pulse insulation level to aim for Thus 
also the figure now prescribed by the EE] 


NEMA Joint Committee on System Insu¬ 
lation Co-ordination. The coincidence is 
not, however, accidental since the processes 
in arriving at the levels are basically the 
same. 

Figure 6 of the paper which shows the 
apparatus voltage-time curves (1, 2, and 3) 
of the substation apparatus above the 
established level and the characteristics 
of the protective devices below the level 
(curves 4 and 5) tell a very significant story 
of the technical and economic problems 
that had to be overcome to establish the 
150-kv level. They also illustrate the prin¬ 
ciples in general on which the present insu¬ 
lation levels have been arrived and are 
based. 

As stated in the paper, the insulation of 
the 22-kv lines ranges from 300 kv to over 
1,000 kv. Presumably these low-voltage 
lines are not equipped with overhead ground 
wire. It is now quite well established from 
the field. investigations here and abroad 
that the induced voltages seldom exceed 
300 kv and from this consideration it then 
appears that the larger percentage of the 
impulse voltages entering the substation 
originate from direct strokes to the line. 

Since there are two miles of line between 
two stations on the average, half of the 
strokes will travel one-half mile before 
entering a substation and therefore their 
severity would be attenuated somewhat. 
That the author has given consideration to 
direct strokes is clearly apparent from the 
arrester characteristics for high current dis¬ 
charges taken into consideration in figure 6. 
It would be of interest to have an expression 
of view from the author as to what extent 
direct strokes in the station or within one 
or two spans of the station represent the 
per cent of substation faults shown in 
figure 8 and what further measures are 
being considered to protect the substations 
against direct strokes. 


J* Lusignan, Jr. (Ohio Brass Company, 
Mansfield): The author has described a 
fine example of a rather thorough insulation 
co-ordination program. The fact that it 
was possible to bring the surge generator 
and oscillograph to the substations in order 
to check the transient voltages there and 
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the actual insulation provided to handle 
them is surely a fortunate circumstance. 
It is interesting to find, at least from the 
one example he shows (figure 2a), how well 
his measured insulator voltage values agree 
with the laboratory curve. 

I find no mention of polarity in so far as 
flashover values are concerned. In insu¬ 
lation co-ordination the question often 
arises as to whether co-ordination should 
be on the basis of positive values only or 
both positive and negative values. I be¬ 
lieve that field records show most severe 
direct strokes to be of negative polarity 
although many of the lower voltage light¬ 
ning strokes are positive. If the stroke 
occurs to the conductor a surge of the same 
polarity obviously is imposed upon the 
insulation. A stroke to the ground wire or 
other nearby grounded object, of course, 
induces a surge of the opposite polarity upon 
the conductors. I am wondering what con¬ 
sideration Mr. Whitehead has given to this. 
For 22-kv insulators the positive and nega¬ 
tive flashover values are often practically 
equal whether base or cap mounted. 
However, I am wondering whether there are 
other insulation breakdown points in a 
station which will exhibit sufficient polarity 
characteristics to warrant the latter being 
considered. 


E. R. Whitehead: Mr. Allen presents per¬ 
formance data on the newly developed 
Thyrite distribution-type arrester. This 
line, of selected unit construction, appears 
to offer new possibilities for economy and 
flexibility in equipment protection. 

The characteristics of the modern dis¬ 
tribution-type arrester viewed in relation 
to the basic impulse levels and the Mc- 
Eachron-McMorris current distribution 
curves should provide a sound basis for 
their application. 

Mr. Bellaschi raises a point of consider¬ 
able interest. Prior to the co-ordination 
program it was not uncommon for weak 
station equipment to flash over during 
thunderstorms without an accompanying 
line fault. A combination of poor co¬ 
ordination and induced surges seems to 
explain this type of fault. 

During the period covered by the paper, 
there has been a considerable increase in the 
use of wood crossarm braces and guy insu¬ 
lators. As a consequence most substation 
faults now correlate with direct-stroke line 
damage such as splintered braces, arms, or 
guys located within a very few spans of the 
station. The large number of stations in¬ 
volved in relation to the very small number 
of substation faults precludes any general 
use of direct-stroke protection on the 22-kv 
system. Consideration is now being given 
to auxiliary current-limiting schemes such 
as expulsion tubes or gaps one span from 
the station at the most exposed locations. 

Doctor Lusignan asks what consideration 
has been given to polarity in the co-ordina¬ 
tion studies. At the outset of the program 
it was essential to cover as many system 
elements as possible in a short time in order 
that early application of the data might be 
made. Positive-polarity time-lag curves 
were found to be lower than negative- 
polarity curves for most of the equipment, 
and therefore the earlier work was largely 
done with the former. In the later stages 
of the program both polarities were used. 
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Tests on Oil-Impregnated Paper—III 

Fluid Flow 

By HUBERT H. RACE 

MEMBER AIEE 


I. Introduction lence, which is probably incorrect since 

we have used much higher rates of flow 

I N TWO previous papers 1 * 2 we have de- without turbulence. It also appears 

scribed some of the results of life-test that his apparatus is subject to leakage, 

studies of miniature cable specimens which can large errors, 

started in 1934. One of the general ob- A number of workers have investigated 
servations resulting from a large number tire flow of liquids through porous me- 

of tests is that all specimens made with dia. 6- “ Some of these have found 

high-density paper and standard-viscos- anomalous results, which our preliminary 

ity oil or specimens made with standard- wor k indicates was caused by the fact 

density paper and high-viscosity oil have that the liquids used were not gas free, 

had short life at 30 kv whereas many When the liquid contains gas, part of it 

specimens made with standard viscosity comes out of solution as the pressure de- 

impregnant but otherwise identical have creases, causing gas pockets in the paper, 

had very long life under the same condi- which decrease the rate of flow. This 

tions. agrees with the work of Muskat 12 on mix- 

in attempting to explain these results tures of gas and oil flowing through sands 

we made the hypothesis that with either although the latter work indicates other 

high-density paper or high-viscosity im- effects besides the formation of gas pock- 

pregnant, the rate of flow of the impreg- ets . phe only work we have found Te¬ 
nant through the paper during the cool- i ate d to the flow of oil through paper is 

ing portion of the daily heat cycle was not that of Whitehead and Greenfield , 17 rely- 

great enough to prevent void formation. j^g 0 n capillarity to produce the flow. 

This would then result in ionization and However, we are not so much concerned 

early failure. We had all the data neces- w ith the flow in the plane of the paper as 

sary to check this hypothesis except the ^ the flow through it under hydraulic 

flow characteristics of oil through paper. pressure. 

A search of the literature revealed little Apparently few comparative studies 
pertinent information although a con- have been made with different fluids bn 

siderable amount of work has been re- t he same porous tnwtimn Bull and 

ported on the permeability of paper and Wronski 11 have made a comparative 

other materials to air. A summary of stu dy with seven alcohols, carbon tetra- 

this work and a bibliography of 31 ref- chloride, and water in cellulose, glass, and 

erences is given by Carson . 8 It is char- carbon diaphragms with the interesting 

acteristic of all the work done on paper conclusion that the viscosity of the liquid 

that the pressure head on the paper does was not th e only property of the liquid 

not exceed a few centimeters of mercury important in determining the flow. No 

and in Carson’s work was limited to five experiments at all have been reported, so 

to ten centimeters of water. This is due, far ^ we ^ determine, which give direct 

of course, to trouble from deformation of comp arison between gas and liquid flow, 

unsupported sheets of paper at the higher This paper gi ves the results of such a 
pressures and also to certain convenient direct comparison together with studies of 

methods utilizing low heads. Goldberg 0 y fl ow un d er varying conditions and the 

performed some experiments of this type application of these data in determining 

but neglected to take account of the ex- limiting conditions causing void forma- 

pansion of the air as it passes through the ^ OJ1 i n ^fr les . 

paper. He noticed deviations at higher 

pressures and attributed these to turbu- jl Flow Equations 
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The flow of fluids through porous media 
can be expressed by Darcy's law (see 
reference 12 ), 

v~{-Kh)vp (1) 

where v is the vector rate of flow of the 
fluid, P the fluid pressure, V the viscosity 


of the fluid, and K a coefficient which has 
been called the “permeability” or flow 
constant of the porous medium. K may 
accordingly be defined as the volume of a 
homogeneous fluid of unit viscosity pass¬ 
ing through a unit area in unit time under 
the influence of unit pressure gradient. 

A. Flow of Oil Through Paper 

In our experiments flat sheets of paper 
were used and the lines of flow through 
the test area A were everywhere normal 
to the paper. Consequently, the general 
flow equation 1 may be written in the one- 
d mensional form: 

v x = (—A/ 17 ) dp/dx ( 2 ) 

In this case v x = Q/A where Q is the rate 
of flow of oil in cubic centimeters per 
second through the test area (A in square 
centimeters). Therefore, 

Q - -( KAMdp/dx ) (3) 

For steady state, with constant pressure 
difference and constant time rate of flow 

dp/dx - -{pi - P 2 WNL (4) 

where pi and p% are the inlet and outlet 
pressures in dynes per square centimeter, 
N is the number of layers of paper, and L 
is the thickness of one layer of paper in 
centimeters. Then 

K « {Q/A)^NL)/{Pi - p*) (5) 

(rj is in poises, that is, dynes times seconds 
divided by square centimeters, and K has 
the dimensions of an area). 

B. Flow of Gases Through Paper 

In dealing with the flow of gases 
through porous media, we may still use 
Darcy’s law, and since the geometrical 
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features of our gas- and oil-flow appara¬ 
tus are the same, equation 3 will also 
apply to gas flow. Due to the expansion 
of the gas as it passes to a region of lower 
pressure, it is convenient to express this 
relation in terms of the mass of gas flow¬ 
ing per second which we will call M. 
Then since 


M « P Q (6) 

where p is the density, we have from 
equation 3 


M - -(KAf>/r,)(dp/dx) (7) 

For gas flow dp/dx varies with x so that 
(7) will have to be integrated. In order 
to do this we assume Boyle’s law to hold 
so that p/p is a constant, the temperature 
being assumed constant. The ratio may 
be taken at any condition (a), say at one 
atmosphere as a matter of convenience. 
Thus 




brated capillary. We have used the 
latter by allowing the gas to flow di¬ 
rectly through the capillary after it 
leaves the measuring section of the paper. 
Consequently M is the same for the paper 
and the capillary. M may be determined 
for the capillary by the method described 
in Barr’s “Monograph of Viscosity .” 18 
Although a radial component flow exists 
in the case of a gas flowing through a cap¬ 
illary, it has been found that Poiseuille’s 
law of flow, which holds when the flow is 
strictly laminar, can be used if the rate of 
change of density with length is not too 
great . 18 This condition is realized in a 
long capillary of a fairly large diameter. 
Poiseuille’s law is: 

Q = -(*r 4 /&n)(dp/dl) (9) 

where r is the radius of the capillary, dl 
is an element of length, 17 the viscosity 
of the gas. As in equation 7 we replace 
Q by M/p 

M = -(*r'/&Ti)(p/p)p(dp/dl) (10) 


GAS FROM 


HIGH-PRESSURE TANK 



Figure 3. Essential features of gas-flow appa¬ 
ratus 


a—Stop cock for regulating pressure 
b —Phosphorus-pen toxide drying tube 
c—Head 

(/—Differential manometer for measuring head 
across test area of paper 
e —Capillary 

Manometer for measuring head across 
capillary 

9 —Stop and pinch cock arrangement for 
regulating head across guard area of paper 
h —Manometer for guard area of paper 


Integrating and rearranging we have 

M - (KA/27iNL){ Pa /p a ){p^ - p i 2 ) ( 8 ) 

The determination of M ran be made 
by direct measurement or by using a cali- 



a—Filling reservoir 
6—Heater for degasifying oil 
c—Oil level during test 
dT—Bell 
e—Head 

f —Overflow for test area 
9—Overflow for guard ring 
h—Sylphon bellows 
/—Mercury manometer 

! graduate cylinder for collecting 

oil from test area of paper 

k—Thermocouple leads 
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and assume that the gas expands accord¬ 
ing to Boyle’s law in passing through the 
capillary. Integrating ( 10 ) 



M =(xr 4 / I6r}l)(p a /p a )(Pz* —pa 1 ) (11) 

Here 17 has been assumed to be independ¬ 
ent of pressure as it is within wide limits 
(see reference 18 and also volume V of 
International Critical Tables, page 2 ). 
P 2 is the same as in ( 8 ) and p a is the out¬ 
let pressure of the capillary (atmospheric 
in our apparatus), {p/p) is the same as 
in ( 8 ). 

Equation 11 holds fairly well for rough 
measurements, but for accurate work it 
must be corrected for kinetic energy of 
the gas, end effects, slip and so on (see 
reference 18). The kinetic-energy cor¬ 
rection is by far the largest correction; 


therefore, neglecting the others, equation 
11 becomes 

m -(^yify/xpa/A.Xfc* - p a *) - 

( 1.1 ( 12 ) 

K can now be calculated by eliminating 
M from equations 8 and 12. 

Before this can be carried out numeri¬ 
cally it is necessary to calibrate the 
capillary, that is, determine the factor 
(xr 4 / 8 /); / can be measured directly ( 33.8 
centimeters in our case), but r, the ra¬ 
dius, is not determined so easily. The 
usual practice is to partially fill the capil¬ 
lary with a thread of mercury, measure 
its length, weigh it, and from the density, 
weight, and length, determine its volume 
and from that the radius r. One may 
also test the uniformity of the bore by 
observing the length of the thread at 
various positions along the capillary. 


Table I. Properties of Papers M and N 


Property 

M 

IT 

Ratio M/N 

Type. 

.Kraft ... 

.... Kraft 


Apparent density... 

Tensile strength (pounds per one-inch strip) 

Lengthwise.. . 

..... 0 . 75 ... 

.... 1.10 .. 


Crosswise. 

Per cent elongation 

Lengthwise. 

Crosswise. 

.UU ... 

....36 

- 81 

.... 32 

1 12 

... 2.9 .... 

... 2.2 


Tearing strength (grams, Elmendorf) 

Lengthwise... 

Crosswise. r 

- 7.8 - 

....189 

OOK 

.... 9.9 

....229 


Per cent ash. 

Alkalinity (milligrams of sulphuric acid oer {rram'i 

Air resistance (seconds per mil. Guriev^ 

....ZOO . . , . 

.... 0.66 .... 
.... 0.118.... 
_21 _ 

....293 
.... 0.52 

.... 0.090 

910 


Permeability 1C (X 10~ ls ) 

Gas (Ni).. 


• . . .vao .. U.UOO 

(Ratio N/M - 15.1) 

Liquid (oil A).. .. **’* 

• ••• I«.0 « ' • , 

.... 12.5 .... 

•... 0.92 ... 

... 0.59 ... 
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Figure 4. Oil-flow data on standard-density 
paper (M) for various numbers of layers 


Our best determination of r 4 by this 
method was 

r 4 70.8 X 10”* centimeters 4 

In using a capillary, care must be taken 
not to use such high rates of flow that 
turbulence occurs. The condition that 
the flow is not turbulent is that R = 
pVd/ri ^ 2,000 (Reynolds’ criterion. 
See International Critical Tables, volume 
V, page 2; also reference 19). Here p is 
the density, V linear velocity, rj viscosity, 
d bore of capillary. For our capillary 
and our largest rate of flow R is about 35 
so that we are working well below turbu¬ 
lent flow. 

The question of turbulence may also 
be raised in connection with the paper. 
Here the bore diameters are all much 
smaller than that of the capillary and the 
linear velocity is also less than for the 
capillary. This means that R will be 
less than for the capillary and that turbu¬ 
lence cannot occur in the paper if it does 
not in the capillary. 

In the calculations below, we use 
(7rf 4 /16/) - 41.2 X 10“ 10 , l -p 33.8 centi¬ 
meters, and wherever (p a 2 — p b 2 )/p oc¬ 
curs multiply by 980.3 X 13.53 —1.328 
X 10 4 (13.53 is the density of mercury 
to four places from 24.5 to 28.5 degrees 
centigrade) so that it is not necessary 
to convert pressures from centimeters of 
mercury to dynes per square centimeter. 
A = 52.4 centimeters. Then equation 
12 becomes 

M « 5.46 X 10-Kfia/Pa)(P** “ Pa 1 ) ~ 

1.297 X 10-»Af*A (13) 

and (8) is 

K - 2.88 X 10" 6 NLMwa/PaiPi 1 - P* 1 ) 

(14) 

HI. Apparatus for 

Measuring Gas and Liquid Flow 

The same geometrical arrangement has 
been used in both the gas-flow and oil- 
flow experiments. In both cases we 
wished to obtain data with pressure dif¬ 


ferences up to one atmosphere so that it 
was necessary to use supporting grids to 
prevent deformation of the paper under 
pressure. Although this introduces some 
uncertainty in the calculated area of flow, 
we assume that this does not affect the 
relative values of the gas and oil flow per¬ 
meabilities. In all our calculations we 
have used the total area covered by the 
test section of the supporting grid. 

In both the oil- and gas-flow, experi¬ 
ments the paper was tightly clamped be¬ 
tween the two halves of a device which we 
have called a head. Both heads are es¬ 
sentially the same, and the design of the 
oil-flow head is shown in figure 1. The 
test area is that area occupied by the 
honeycomb grids and it is the rate of flow 
through this area that comprises Q. In 
order to assure flow normal to the test 
area, a guard ring was provided in each 
case which had the same pressure drop 
across it as the test area. If the leakage 
through the edges is not too great this 
is an entirely satisfactory arrangement. 
Excessive leakage may be controlled by 
coating the edges of the paper with a 
plastic material which does not penetrate 
the test section. We used an air (hying 
plastic Glyptal quite satisfactorily. 

Figure 2 is a schematic diagram of the 
oil-flow apparatus. The apparatus is as¬ 
sembled as shown and thoroughly evacu¬ 
ated for several hours at a pressure of 
about one micron or less. The oil is in¬ 
troduced into the filling reservoir a, is 
allowed to trickle slowly through the 
heater b and into the bulb. This degasi- 
fies the oil. The oil was allowed to flow 
in at such a rate that the pressure of the 
system never exceeded about 25 microns. 
During the filling period the sylphon 
bellows was fully extended by means of 
the wing nut The system was filled with 
oil up to a level c. The stopcock below c 
was then closed and the sylphon h re¬ 
leased by loosening the Wing nut. This 
puts approximately one atmosphere hy¬ 
draulic pressure on the high-pressure side 
of the paper. The lower pressure is 
about 0.5 centimeter of oil plus the gas 
pressure, which was kept at about 0.1 
micron throughout the tests. The oil 
from the test area flowed from / into the 
graduate j. The rate of flow was meas¬ 
ured with an accurate stop watch and 
carefully calibrated graduate cylinder. 
In practice the manometer i was below 
the head so that the column of oil be¬ 
tween the upper mercury level and the 
level of the papa: had to be taken into ac¬ 
count in calculating the pressure p 2 > 

The gas-flow head differs from figure 1 
only in that pipe connections to the rest 
of the setup were used instead of overflow 


spouts. The arrangement of the gas- 
flow apparatus is shown schematically in 
figure 3; h is the manometer measuring 
the pressure above atmospheric of the 
guard area on the low-pressure side. 
Since the pressure on the top side of the 
paper is the same for both the guard area 
and the test area, the pressure drop 
across the guard area may be made 
equal to that across the test area by 
making the manometer reading AAi, of the 
guard manometer equal the reading Ahi 
of manometer/. This is done by bleed¬ 
ing off gas at g> which can be done only 
if there is not too much leakage at the 
edges of the paper. 

If A fa is the reading on manometer d, 
the pressures are as follows: pi — p a + 
Afe, pi - p a + aA 2 + Afe. K can then 
be calculated from equations 12 and 8. 

The gas for the gas-flow experiments 
was supplied by a tank of nitrogen at 
about 1,500 pounds per square inch pres¬ 
sure with a suitable reducing valve. 

IV. Flow Data and Values of K 

A. Oil Flow 

The physical properties of the two 
grades of cable paper used are given in 
table I. The data and calculations for 
the oil-flow experiments are shown in 
table II. The slopes of the curves shown 
in figures 4, 5, and 6 are equal to Q for 
each of the indicated cases. Two or 
more runs on the same thickness of paper 
will not necessarily give the same rate of 
flow Q due to differences in viscosity and 
density of oil, which vary with tempera¬ 
ture, and also to the variation of atmos¬ 
pheric pressure from run to run. This is 
illustrated in curves (a) and (&) of figure 
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Figure 5. Oil-flow data on standard-density 
paper (M) for various numbers of layers 



Figure 6. Oil-flow data, one sheet high- 
density cable paper (N) 
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Figure 7. Flow of N a through cable paper 


5, which give the same value for K al¬ 
though the slopes of the curves are some¬ 
what different. For the same reason the 
slope of the curve for eight layers will 
probably not be exactly twice that for 
four layers [(c) and (d) of figure 4]. 

The value of K in table II for paper 
(N) was calculated for the first seven 
points of the curve (figure 6), which are 
sensibly a straight line (K « 0.587 X 
10- 12 ). From then on the rate of flow 
decreased, indicating the possibility of 
some slow swelling or rearrangement of 
the fibers in this highly calendered paper. 

B. Gas Flow 

The data for these tests are in table III 
and figure 7 shows plots of the mass rate 
of flow M versus (ft 2 - £ 2 2 ), which 
should be straight lines if K is a constant. 
The only one showing a deviation from 
constancy is that for 16 layers of paper 
(Jlf). The permeability K decreases 
slowly (see table III), but the curve (b) 
shows only a slight deviation from line¬ 
arity. Curve (a), figure 7, is for eight 
sheets of paper (Jkf). Oil-flow test num¬ 
ber 6 was made on these same eight 
sheets after taking the'gas-flow data. 
Similarly, curve (c) is for the same sheet 
of paper (N) that was used later in the 
oil-flow test. 

Discussion. The gas-flow data for 
•eight sheets of paper (M) give a value of 
-K - 12.79 X 10-«, which is slightly 
Sreater than the value from oil-flow data. 

It is not unreasonable to expect this inas- 
•much as some of the pores may be so 
small as to prevent oil flow. This may be 
■expected from the appreciable rigidity of 
•verr thin layem of liquids. We are in- 
elrned to believe that the lower value of 
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K obtained for 16 layers and the regular 
variations are not red but may be due to 
leakage through the edges. This is pos¬ 
sible for a thick test specimen even when 
the guard ring has the same pressure drop 
as the test area. Moreover, examination 
of the formulas indicates that the calcu¬ 
lated value of K will be reduced by such 
leaks. 

In the high-density paper the resist¬ 
ance to gas flow was roughly 14 times 
greater than in the low-density paper 
whereas the resistance to oil flow was ini¬ 
tially 21 times greater than in the low- 
density paper. (See table I.) 

While the average density of the high- 
density paper (N) is only about 40 per 
cent greater than for the standard den¬ 
sity paper (M), the process of manufac¬ 
ture of the former gives it surface layers 
of very closely packed fibers so that the 
major resistance to fluid flow is in these 
surface layers, thus explaining the rela¬ 
tively large effect on flow characteristics. 

It should be noted that the above rela¬ 
tions and results are for steady-state con¬ 
ditions only and are not expected to hold 
either when the paper is only partially 
saturated or when the liquid contains 
gases in solution or materials that will be 
adsorbed or filtered out by the paper, thus 
decreasing the effective capillary area. 

V. Application of Flow 
Data to Conditions for Void 
Formation in Gas-Free Cables 


length into the shaded cylinder to supply 
the interstices. Then 


q ir<rsC(r* — n 8 ) 

where 


(15) 


A. Assumptions 

In studying the application of these 
data to the problem of void formation in 
cables we shall assume the following con¬ 
ditions: 

1. The partial pressure of gas in the paper 
and impregnant is negligible, that is, the 
cable is virtually gas free. 

2 . The core dose not act as an oil reservoir 
so that during cooling all the impregnant 
required to keep the paper full must flow 
in from the outside. 

3. The flow is radial, no longitudinal flow 
in the paper being considered. 

4. Contraction of the paper fibers them¬ 
selves is negligible. 

5. A sufficient reservoir of impregnant is 
maintained on the outside circumference of 
the paper. 

B. Hydraulic Pressure 
Necessary to Keep Paper Full 

Let figure 8 represent the cross section 
of a cable in which we wish to determine 
the hydraulic pressure necessary to keep 
the interstices of the paper full of im¬ 
pregnant during cooling by uniform radial 
flow from the outside. 

Let q = the total flow per centimeter 

Race—Oil-Impregnated Paper 


<r =» the coefficient of expansion of the im¬ 
pregnant in cubic centimeters per 
cubic centimeter per degree centigrade. 
s « the space factor, that is, the ratio of 
the volume occupied by the impreg¬ 
nant to the total volume. 

C = the rate of change of temperature in 
degrees centigrade per second. 
r » radius in centimeters. 

Then if 7 r = the radial velocity of flow 
we have 

7r ~ —q/2wr * — <rsC[(r/2 ) - (n 8 /2r)] 

(1 6) 

Also, Darcy’s law stated in radial co¬ 
ordinates gives 

V T = -( KM(dp/dr) (17) 

Then eliminating V r we have 
(dp/dr) - (<rsC v /K)[(r/2) - W/2r)] (18) 
which when integrated gives 
p - ( <rsC7,/IC ) X 

K r V4) — (n 2 /2) log« r + constant] 

(19) 

Assuming p « 0 at r - n, we obtain the 
following expression for the total pressure 
necessary to keep the interstices in the 
paper full between the radii r x and r 2 . 


P = (csC v /4K) X 

W — fi 8 - 2n 2 log* (r 2 /fi)] (20) 

C. Application to 
Miniature Cable Specimens 

All but two of the factors in equation 
20 are already known: 

<r = 8 X 10 " 4 cubic centimeters per cubic 
centimeter per degree centigrade 
s — 0.5 

K =« 12 X lO' 12 for paper ( M) 
r\ = Vie inch « 0.476 centimeter 
H “ n + 0.065 inch — 0.641 centimeter 

The remaining two factors must be con¬ 
sidered together since we wish to consider 
the most severe condition which occurs 
when their product is a maximum. This 


Table II. Oil-Flow Data 


Paper 

Average Number 

Thickness of 

in Mils Layers 

K X 10« 

M... 



M .,. 


....14.0 

M ... 
M... 


.... 14.4 
...12.7 
...12.5 . 

M .... 
M.... 
M..., 


., .12.7 
...12.5 
...12.3 

N.. . . 

••••• 5 . 1 ..... 

... 0.587 
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Table 111. Gas-Flow Data 


Paper 

Average 
Thickness 
in Mils 

Number 

of 

Layers Pa 

Pa 

P: 

M X 10» 

K X 10« 

M .. 

.6.5... 

.8.76.15... 

. 77.28.... 

... 79.06... 

.805... 


M.. 


.76.15... 

. 77.87.... 

... 80.49... 

.... 1.242... 

.,..13.37 

M.. 


.76.15... 

. 79.14.... 

... 83.63... 

.... 2.132... 

..,.13.02 

M.. 


.76.11... 

. 82.73.... 

... 92.17... 

.... 4.75 ... 

....12.80 

M.. 


..76.42... 

.85.15_ 

... 97.31... 

.... 6.32 ... 

....12.69 

M.. 


.75.03... 

..... 83.05.... 

... 94.33... 

.... 5.64 ... 

.12.68 

M .. 


.75.03... 

. 86.09.... 

...100.87... 

.... 7.83 ... 

....12.72 

M.. 


.75.03... 

. 89.99.... 

...108.93... 

....10.62 ... 

.12.67 

M.. 


.75.03... 

. 94.58.... 

...117.95... 

....13.96 ... 

.12.63 

M.. 


.75.47... 

.101.54.... 

...130.95... 

....18.98 ... 

.12.66 

M .. 


.75.47... 

.112.12,... 

...148.47... 

....27.00 ... 

.12.67 

AT.. 


.....16....76.24... 

.77.41.... 

... 81.12... 

.811... 

.12.04 

M.. 


.76.27... 

. 77.93.... 

... 83.18... 

.... 1.167... 

.12.03 

M.. 


.76.28... 

. 79.76.,.. 

... 90.35... 

.... 2.44 ... 

.11.85 

M.. 


.76.28... 

..... 81.61.... 

... 97.23... 

.... 3.74 ... 

.....11.70 

M.. 


..76.28... 

. 84.16.... 

...106.17... 

.... 5.56 ... 

.11.65 

M .. 


.76.28... 

. 84.15_ 

...105.99.. . 

.... 5.56 ... 

.11.74 

M .. 


.76.28... 

. 88,11.... 

...118.76... 

.... 8.42 ... 

.....11.60 

M.. 


.76.26... 

. 93.43.... 

...134.57... 

....12.26 ... 


N.. 

.5 ... 

. 1.74.99... 

..... 78,91.... 

... 87.25... 

.... 2.72 ... 


N.. 


.74.98... 

. 81.54.... 

... 94.48... 

.... 4.67 ... 

.909 

N.. 


.74.99... 

. 84.54.... 

...102.26... 

.... 6.80 ... 


N.. 


.74.97... 

. 87.83_ 

.. .109.84... 

_9.12 ... 


N.. 


.74.99... 

.91.54.... 

...118.42... 

....11.80 ... 


N.. 


.74.99... 

. 96.09.... 

...128.64... 

..15.18 ... 


N.. 


.*4.99... 

.101.34.... 

...139.47... 

....19.04 ... 



maximum product can be obtained graphi¬ 
cally as shown in figure 9. Curve (1) 
gives the daily cooling curve taken by 
means of a thermocouple inserted in a 
glass tube extending into the oil space sur¬ 
rounding one of the specimens. Since 
the rate of cooling is slow we shall assume 
that the temperature is the same through¬ 
out the specimen. Curve (2) gives the 


square centimeter — 0.987 X 10" 6 at¬ 
mosphere). 

In our miniature cable tests one at¬ 
mosphere hydraulic pressure was main¬ 
tained on the liquid surrounding the 
specimens so that void formation result¬ 
ing from inability of the impregnant to 
flow in sufficient volume to keep the inter¬ 
stices in the paper full was not lie primary 
cause of failure. 


Under such conditions the hydraulic pres¬ 
sure would not he sufficient to keep the 
interstices in the paper full and void forma¬ 
tion by this mechanism might be a signifi¬ 
cant factor in initiating ionization leading 
to ultimate failure. 

VI. Conclusions 

1. Satisfactory equipment has been de¬ 
veloped for absolute gas- and liquid-flow 
measurements through multiple layers of 
paper. 

2. Using theoretical equations for gas and 
liquid flow in porous media the rate of flow 
of a gas-free liquid through standard- 
density cable paper can be calculated from 
air-flow data. 

3. For super-calendered paper, the resist¬ 
ance to flow is much greater than would be 
indicated by the increase in average den¬ 
sity, indicating the formation of a skin 
having high flow resistance on the surfaces 
of the paper sheet. Also the resistance to 
oil flow is greater than would be calculated 
from air-flow data and cannot be predicted 
from the latter, as is possible for standard- 
density paper. This indicates that some 
of the pores in the surface layers of super- 
calendered paper are so small that effects 
of absorption, adsorption, and the like on 
the surfaces of the cellulose fibers are no 
longer negligible. 

4. These studies have shown that in our 
miniature cable samples, the resistance to 
flow was not great enough to cause void 
formation in the interstices of the paper in¬ 
sulation during cooling. The observed 
short life of specimens containing super- 
calendered paper or high-viscosity oil must 
have resulted from some other cause such 
as higher stress on the impregnant because 
of the higher dielectric constant of the 






























































































void formation is inevitable. This is the 
major argument for the use of low-viscosity 
impregnants and the "oil fined” principle 
in high-voltage cables. 
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Discussion 

Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): It is interesting 
to learn that gaseous ionization was not a 
factor responsible for the short life of some 
of Doctor Race’s miniature cable samples. 
Unfortunately these investigations cannot 
be applied directly to the phenomena in 
actual cables as most of the assumptions 
under V-A of the paper will in general not 
apply in service. Further, in actual cables 
the flow through the tapes is only a portion 
of the total flow, a considerable part of which 
takes place through the spiral gaps between 
turns of tape. This means that the coeffi¬ 
cient of friction of cable insulation for radial 

578 Transactions 


oil flow would be lower than for the author’s 
samples. This is recognized in a paren¬ 
thetical statement in part V-D of the paper. 

Our tests on cables of the solid and oil- 
filled types indicate values of 4,000 to 18,000 
pounds per square inch per inch thickness 
of insulation per cubic inch of oil per hour 
for oil having a viscosity of 1,000 centi- 
poises. The value assumed by the author 
for 69-kv solid-type cable is 25,000 (same 
units), corresponding to the value of K = 
24 X 10 ” 12 . For superdense cable insula¬ 
tion we find the radial coefficient of friction 
to be about ten times higher than for ordi¬ 
nary insulation, instead of 21 times as found 
by the author for his samples having super¬ 
posed layers of paper. These lower coeffi¬ 
cients of friction tend to reduce the proba¬ 
bility of void formation. 

In actual cables, the rate of temperature 
change during cooling will in general not be 
the same as in the laboratory models. 
Consideration must be given to the tem¬ 
perature gradient in the comparatively 
thick insulation of cables. The calculations 
on the possibility of void formation in com¬ 
mercial cables are over-simplified, particu¬ 
larly when applied to cables with thick insu¬ 
lation. The complete solution for pressure 
distribution in cable insulation was given 
by Miller and Wollaston in their paper 
"Thermal Transients and Oil Demands in 
Cables,” AIEE Transactions, volume 52 
March 1933, page 98. By the use of this 
method, we have found that negative pres¬ 
sures will not form in oil-filled cable, except 
possibly under extremely severe conditions. 
In solid-type cables having thick insulation 
and high-viscosity impregnant, negative 
pressures may easily occur due to insufficient 
hydrostatic pressure. It does not follow 
that this cause will of itself result in voids 
in the insulation. 

Doctor Race considers the hydrostatic 
pressure to be the principal factor con¬ 
trolling the return of compound into the 
insulation after expansion. It seems that 
the surface tension and cohesion of the 
compound, the capillary forces of the paper, 
and the adhesion between compound and 
paper should also have been considered. 
These properties are important factors in 
void formation. 


W. A. Del Mar (Habirshaw Cable and Wire 
Corporation, Yonkers, N. Y.): Doctor 
Race has done a nice piece of work in this 
paper in picking out of the complicated 
performance of a solid-type paper cable 
one or two separable items which are sus¬ 
ceptible of theoretical treatment and partial 
verification by experiment. One must be 
careful, however, as indeed Doctor Race 
has been, not to draw conclusions of too 
general a character. Thus, it might ap¬ 
pear from Doctor Race’s paper that the 
essential defect of a solid-type cable is the 
radial transfer of oil from the interior to 
the exterior of the insulation, leaving voids 
in volume equivalent to the oil forced out 
of the insulation. 

I do not believe that this is the whole 
story but that to a greater extent it is the 
entire insulation, paper and oil, that are 
expanded in volume during heating, leaving 
a larger volume of insulation to be filled 
by the same amount of oil. 

Impregnated paper, unlike unimpreg¬ 
nated paper, will take a permanent set 
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with practically any tensile stress. It will 
not retain all the stretch caused by a given 
tensile stress when that stress is withdrawn, 
but it will retain a considerable proportion, 
usually about 15 per cent, and that will 
account for the increased gross volume of 
insulation and, as this stretch is accom¬ 
panied by a corresponding reduction in tape 
thickness, the void space will be further 
augmented. 

Thus we see that while Doctor Race has 
picked one of the variables and given it an 
interesting theoretical treatment, there are 
other variables to be considered. Doctor 
Race, I know, appreciates this thoroughly 
but I have misgivings about his application 
of the formulas to a 69-kv cable, fearing 
that someone may take it too seriously as 
a practical tool in cable design. 


R. J. Wiseman (The Okonite-Callender 
Cable Company, Inc., Passaic, N. J.): I am 
very much interested in Doctor Race’s 
paper as it discusses the physical properties 
of impregnated paper insulation. We have 
had many technical papers dealing with the 
electrical characteristics, but unless we 
know how the oil moves through the paper, 
the effect of the fiber content of the paper 
on the oil movement, and the pressures 
necessary to cause the oil to flow, we do 
not get a complete picture of what takes 
place in a paper-insulated cable. Several 
years ago we started a similar research, but 
had to postpone active work due to the 
urgency of other researches. However, 
Doctor Race has gone into the subject 
much more accurately than we had planned. 

This paper gives us a better appreciation 
of the relative effect of using low- and high- 
weight-density papers. We know in manu¬ 
facture that it requires a longer time to dry 
and then impregnate high-density papers. 
This is confirmed by Doctor Race’s work. 
In view of the much easier flow of oil 
through normal-density papers, the ques¬ 
tion arises as to the desirability of using a 
large percentage of high-density paper in a 
cable. Of course, this will have to be 
balanced against their relative electrical 
characteristics. 

I wonder if the departure from a straight 
line for oil flow as given in figure 6 is par¬ 
tially due to the swelling of the fibers of 
the high-density paper which results in an 
increase in the thickness of the sheet under 
test as well as the closing up of the spaces 
between the fibers suggested by Doctor 
Race. 

The attempts of Doctor Race to apply his 
test data to actual cables is to be com¬ 
mended as it puts his work on a practical 
basis. The difficulty of getting close agree¬ 
ment with actual cables is due to several 
factors, such as: the view expressed by 
Mr. Halperin regarding flow between the 
layers of the paper longitudinally and along 
the spiral gaps; the tightness of wrapping 
of the layers and the difference in tempera¬ 
ture, that is, the temperature gradient be¬ 
tween the conductor and the sheath. 
Doctor Race assumes the temperature is 
constant for any given instant of time. 
For very thin walls this is true, but for 
heavy walls it is not. The matter of the 
effect of tightness of wrapping could have 
been studied by having the flat sheets 
Doctor Race tested, subjected to various 
degrees of compression and then determine 
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the oil flow. However, we have a better 
appreciation of how much pressure is 
needed to maintain saturation of a cable. 

It is surprising that the pressure required 
is not very great and naturally, one may 
ask why do cables fail due to migration of 
oil and the formation of voids. In the 
so-called oil-filled type of cable we use a 
very thin oil and the pressures that we 
apply at joints are of such value that we 
can feed oil into all parts of the cable as 
rapidly as is necessary to maintain a posi¬ 
tive pressure and we, therefore, do not get 
voids or insulation failures. It is the ideal 
cable. Of course, we have another solution 
in the high-pressure cables which use higher- 
viscosity oils, but always maintain satura¬ 
tion because the pressure will force the oil 
along the cable and into the insulation. 
However, we have many miles of solid-type 
cable and we will have many more miles 
in the years to come. We, therefore, 
should consider how we can improve the 
solid type of cable. At the present time 
we use a tight-fitting lead sheath on our 
cables which prevents easy flow of oil from 
the joint along the cable between the inside 
of the lead sheath and insulation. We do 
not have any follow-up of oil with moderate 
pressure to feed into the insulation as the 
cable cools. It is true that we experience 
stretched lead sheaths due to the expansion 
of the oil in localized points along the cable. 
We do not want this; rather we want to be 
able to permit easy flow of oil back and 
forth along the cable. Again, we use 
varnished cambric wrapped joints because 
of the shorter time to make a joint as com¬ 
pared to a paper wrapped joint and we seal 
off the strands of the conductor from the 
joint compound. We believe this also is 
wrong. We have studied both of these 
factors in our laboratories and have con¬ 
cluded that a porous type of joint which 
will permit oil to flow into and out of the 
strands of a conductor is the proper kind 
to use, particularly for high-voltage cables. 
This, with the loose lead sheath, will reduce 
the high pressures produced in a cable 
during the heating portion of the load cycle 
and prevent a high vacuum to occur during 
the cooling portion of the load cycle. We 
have shown by our tests that the life of a 
cable is increased thereby. Doctor Race 
has shown us that it does not take much 
pressure to maintain saturation in the insu¬ 
lation, provided we can supply the oil when 
needed. 


H. H. Race: In general I agree with the 
ideas raised in the discussion of this paper. 
However, there are a few points on which I 
should like to emphasize a different inter¬ 
pretation. 

It seems to me that the first sentence of 
Mr. Halperin’s discussion is a misinterpre¬ 
tation of our data. In conclusion IV, I 
stated that “the resistance to flow was not 
great enough to cause void formation” in 
our miniature cable samples. However, 
this does not mean that ionization was not 
the cause of failure, in fact, in most cases I 
believe it was and have already submitted 
part IV of this series of papers entitled 
“Mechanism of Breakdown” giving the 
evidence. 

The last sentence of paragraph 3 of Mr. 
Halp erin’s discussion also needs clarifica¬ 
tion. When a “solid type” cable cools no 
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A GROUP of 132-kv and 66-kv trans¬ 
mission systems form a loop about 
300 miles in circumference and connect 
many important generating stations and 
a number of load points in the western 
part of Pennsylvania and the eastern por¬ 
tion of Ohio. 

When these systems are operated in¬ 
terconnected at all tying-in points ex¬ 
cept one 66-kv tie north of Pittsburgh, 
the power exchange can be readily con¬ 
trolled. When this tie is dosed, however, 
a complete ring is formed with multiple 
paths and an uncontrollable circulating 
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power flows around the loop. Under 
such conditions, controlling the division 
of load over the paths and the interchange 
between companies requires phase-shift¬ 
ing equipment. 

The phase-shifting transformer which 
is described in this paper was installed at 
the above mentioned point in order to 
make it possible to provide an emergency 
supply of power. Under ordinary oper¬ 
ating conditions, this tie is open and there 
is no transfer of power in either direction. 
When, however, an unusual emergency 
situation develops on either system, 
which cannot be handled by the generat¬ 
ing capacity associated with that system, 
the phase-shifting transformer can be 
put into operation by closing the tie and 
emergency power can be transferred from 
one system to the other. 

This paper describes the phase-angle 
problem, the system studies made to de¬ 
termine the type and capacity of regulat¬ 
ing equipment needed for the tie line, in¬ 
cluding the results of interconnected 
system tests, and operating performance 
after the installation of new equipment. 



voids will form and the internal hydraulic 
pressure will remain positive so long as the 
lead envelope collapses or changes its shape 
so as to keep the total volume within the 
envelope equal to the volume of the solid 
and liquid materials within this envelope. 
However, lead has little true elasticity and 
therefore it undergoes permanent deforma¬ 
tion easily, and follows such volume changes 
very imperfectly. When during cooling the 
sheath reaches a point beyond which it no 
longer follows the shrinkage of the materials 
within' it, voids inevitably form. The gas 
pressure in these voids may be anywhere 
from less than one micron corresponding to 
the vapor pressure of the impregnant to a 
fairly high pressure, depending upon the 
temperature and how much residual mois¬ 
ture, air, or other gases are present. The 
tl solid type” cable in which no reservoirs are 
provided cannot be completely free from voids 
or gas pockets during cooling. The electrical 
gradient at which ionization will start in 
such gas spaces depends upon a number of 
factors such as gas pressure, dimensions of 
the gas space, proximity to an electrode and 
condition of the intervening solid dielectric. 

A properly designed gas-free liquid-im¬ 


pregnated cable with sufficient reservoir 
capacity and liquid pressure is the only type 
in which voids or gas pockets cannot form 
during cooling . 

Regarding Mr. Halperin’s last paragraph, 
the factors he mentions certainly deserve 
consideration. As far as I know, however, 
their importance has not yet been measured 
quantitatively. As indicated by Mr. Del- 
mar, the object of this paper was to give 
quantitative mathematical and experimental 
study to one factor, namely, viscous flow, 
which seemed most important. 

The last paragraph of Mr. Wiseman’s 
discussion advocates a partial attempt to 
make an “oil filled” cable out of a “solid 
type” cable by providing a loose sheath and 
porous joints so as to provide easy longi¬ 
tudinal flow of oil. To complete the system 
reservoirs must also he supplied containing 
sufficient low viscosity oil to keep the system 
full and stop joints to prevent building up 
excess pressures at low spots in the system. 
Even with these modifications a solid type 
cable cannot be maintained free from voids 
at all times. Therefore, why not use a 
properly designed “oil filled” system in the 
beginning? 
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Characteristics of 
Interconnected Systems 

The interconnected systems and their 
geographical layout are shown by figure 1. 
Large generating stations are located in 
the Pittsburgh area at Brunots Island, 
Reed, Colfax, and Springdale; in the 
Youngstown area at Toronto, New 
Castle, Lowellville, and Warren; and in 
the Canton-Akron area at Windsor, Ak¬ 
ron, and Cleveland. The 66-kv tie line 
between Valley and Ellwood is normally 
operated open at Valley, and the closing 
of this tie in an emergency is the subject 
of this study. 

A 30,000-kva quadrature regulator or 
phase shifter having a range of 5.7 de¬ 
grees plus or minus is located at Salt 
Spring substation, Youngstown, in the 
132-kv Warren circuit. At Colfax there 
is a 36,000-kva voltage regulator in the 
132-kv tie line to Springdale. The kilo¬ 
watt interchange over this tie line is con¬ 
trolled automatically by regulating the 
Colfax generator output. 

The reactance of the component parts 
of the loop system is of considerable im¬ 
portance in this phase-angle study. A 
convenient graphical method was de¬ 


veloped for illustrating the magnitude 
of the reactance and the interrelation of 
the various sections. This is shown on 
figure 2 with the relative electrical dis¬ 
tances between the stations drawn to 
scale in terms of the reactance of the lines, 
transformers, bus reactors, etc. The 
lengths of the solid lines represent ohmic 
values at 132 kv. Where several paths 
are in parallel, the equivalent net react¬ 
ance has been calculated and is indicated 
by the length of the dashed lines. It will 
be noted that the total net reactance 
around the loop is 465 ohms at 132 kv. 

Phase Angle and Load Transfer 

The flow of power current through a re¬ 
actance results in a phase-angle difference 
between the voltages at both ends, as 
shown on figure 3A. The IX drop is 
nearly in quadrature with the line volt¬ 
age. Conversely, the insertion of a quad¬ 
rature voltage in a reactive circuit will 
cause the flow of power current. Reac¬ 
tive current creates an IX drop in phase 
with the line voltage (figure 3 B) and so 
produces no angular, difference. Thus, 
quadrature voltage controls kilowatt 
power flow and in-phase voltage controls 


reactive flow (modified slightly by 
resistances). 

Due to the manner in which the loads 
and generating capacities are distributed 
around the loop shown in figure 2, tHe 
voltage drops in the various circuits do 
not cancel out, and there is usually a rela¬ 
tively large phase-angle difference be¬ 
tween the voltages at the open point- 
If the 66-kv tie at Valley substation is 
closed, as much as 12,000 kw will circu¬ 
late around the entire ring, passing" 
through all the interconnection points. 
This uncontrollable circulating power 
would naturally upset normal interchange 
even for those companies not directly in¬ 
terested. It would also increase tlie 
load on several important lines and trans¬ 
formers, possibly necessitating increased 
capacity at certain points. 

Hence, if the Duquesne Light Company 
and the Pennsylvania Power Company 
desire to interchange power, some of it 
will pass through the direct 66-kv tie and 
some around the opposite direction 
through the other systems, with no means 
of controlling the division over the vari¬ 
ous circuits. A phase-shifting trans¬ 
former connected in the 66-kv tie at 
Valley would introduce a controlled 
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Figure 1. Pennsylvania-Ohio interconnected systems 

DL—Duquesne Light Company 
OE -—Ohio Edison Company 
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OP5—Ohio Public Service Company 
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Figure 2 . Equivalent reactance interconnected systems 
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Table I. Check of Phase Angles Around the Loop 

October 1936 Tests 


Test No. 2—Normal 


Test No. 4—Load Shift 



Ohms per 

_Shift 

10:40 A.M. 

10:45 A.M. 

3:50 P.M. 

4:00 P.M. 

3:18 P.M. 

Circuit 

i#ircuif. 

at 

132 Kt 

Mega¬ 

watt) 

Mega¬ 

watts 

De¬ 

grees 

Mega¬ 

watts 

De¬ 

grees 

Mega¬ 

watts 

De¬ 

grees 

Mega¬ 

watts 

De¬ 

grees 

If 

De¬ 

grees 

Valley-Wacht Junction. 

... 33.9 .. 

. .0.111.. 

. 12.0.. 

. 1.33.. 

8.5.. 

. 0.94.. 

8.5.. 

0.94.. 

. 8.5.. 

. 0.94. 

9.0. 

. 1.00 

Wacht Junction-North. 

...48 

..0.157.. 

. 25.4.. 

. 3.99.. 

22 .2. 

. 3.49.. 

. 15.8., 

2.48.. 

. 18.1.. 

. 2.85. 

. 23.1.. 

. 3.63 

North-Colfax. 

... 39.8 .. 

..0.130... 

. 21.4.. 

. 2.78.. 

19.9.. 

. 2.59.. 

. 16.7.. 

2.17.. 

. 18.2.. 

. 2.36. 

. 20.2.. 

. 2.63 

Colfax number 1 transformer. 

...17 

..0.056.. 

. 43.0.. 

. 2.41.. 

41.0.. 

. 2.30.. 

. 36.5.. 

2.05.. 

. 30.5.. 

. 1.71. 

. 46.0. 

. 2.58 

Colfax number 1 reactor... 

... 39.2 .. 

..0.128... 

. 16.5.. 

. 2.11.. 

12.5.. 

. 1.60.. 

. 9.5.. 

1 .22.. 

. 3.0.. 

. 0.39. 

. 17.0.. 

. 2.18 

Colfax number 2 reactor. 

... 39.2 .. 

..0.128... 

. 5.8.. 

. 0.74.. 

0.5. 

. 0.06.. 

. -4.5.. 

-0.58.. 

. -9.5.. 

.-1.22. 

. 9.0.. 

. 1.15 

Colfax number 2 transformer. 

...17 

..0.056.. 

.-31 .. 

.-1.74.. 

-30.5. 

.-1.71.. 

.-22.0.. 

.-1.23.. 

.-22.0.. 

.-1.23. 

.-30.0.. 

.-1.68 

Springdale regulator and line. 

... 50.7 .. 

..0.166.. 

. -3.8.. 

.-0.63.. 

-13.4.. 

.-2.22,. 

0 .. 

0 .. 

. • 0.. 

0 . 

. 3.8.. 

. 0.63 

Springdale-Charleroi... 

... 76.5 .. 

..0.087.. 

. -8.0.. 

.-0.70.. 

-12.0.. 

.-1.04.. 

.-10 .. 

-0.87.. 

. -9.8.. 

.-0.85. 

.-17.0.. 

. — L48 

Charleroi-Windsor. 

... 36.4 .. 

..0.116.. 

. 21.5.. 

. 2.50.. 

19 .. 

. 2.20.. 

. 16 .. 

1 .86.. 

. 20.0.. 

. 2.32. 

. 24.5.. 

. 2.85 

Number 4 transformer at Windsor. 

... 53.2 .. 

. .0.174... 

. 22.6.. 

. 3.94.. 

20 . 

. 3.48.. 

. 16 .. 

2.79.. 

. 20.0.. 

. 3.48. 

.. 24.5.. 

. ,4.26 

Number 4 reactor at Windsor. 

...87 

..0.285... 



-5.5.. 

.-1.67.. 





. 


Reactors number 2-4. 

... 0.174.. 

..0.571... 



-5.5.. 

.-3.16.. 







Number 1 transformer at Windsor. 

... 29.2 .. 

. .0.096... 

.-11.0.. 

.-1.06.. 

-15.5.. 

.-1.49.. 

. -5.5.. 

.-0.53.. 

. -3.5.. 

.-0.34. 

. -1.0.. 

.-0.10 

Windsor-Canton number 2. 

...46 

..0.151... 

.-11 .. 

.-1.66.. 

-15.6.. 

.-2.34.. 

. -5.5.. 

.-0.83.. 

. -3.5.. 

.-0.53., 

. -1.0.. 

.-0.15 

Canton-Akron. 

... 21.5 .. 

..0.071... 

.-33.5.. 

.-2.38.. 

-36.0.. 

.-2.55.. 

.-36.5.. 

.-2.60.. 

.-21.3.. 

.-1.51.. 

.-22.5.. 

.-0.160 

South Akron transformer. 

...26 

..0.085... 

.-27.6.. 

.-2.33.. 

-31 

.-2.63.. 

.-29.0.. 

.-2.46.. 

.-13.8.. 

.-1.17.. 

.-28.7.. 

.-2,44 

Bast number 2 line. 

... 0.164.. 

..0.505... 

.- 6.0.. 

.-3.03.. 

-4.6.. 

,-2.32.. 

. -4.0.. 

.-2.02.. 

. -7.0.. 

.-3.54.. 

. -4.6.. 

.-2.27 

Akron number 1 line and transformer... 

... 79 

. .0.259... 

. 42.0.. 

. 10.90.. 

40.0.. 

. 10.37.. 

. 38.0.. 

. 9.87.. 

. 46.5.. 

. 12.07.. 

. 53.7.. 

. 13.94 

Z- 71 line and transformer. 

...124 

. .0.406... 

. -6.7.. 

.-2.71.. 

-8.9.. 

.-3.61.. 

. -5.9.. 

.-2.40.. 

. -6.5.. 

.-2.64.. 

. *6.2.. 

.-2.51 

y-53 line. 

... 34.2 .. 

..0.112... 

. -1.9.. 

.-0.21.. 

-6.7.. 

.-0.64.. 

. -2.1.. 

.-0.24.. 

. —1.6.. 

.-0.18., 

. -2.1., 

.-0.24 

Ellwood-Valley number 2. 

... 36.5 .. 

..0.120... 

0 .. 


-9.6.. 

.-1.16.. 

0 ... 


0 .. 


0 .. 


Valley regulator.. 

... 26.0 .. 

..0.085... 

0 .. 


-9.6.. 

.-0.82.. 

0 .. 


0 .. 


0 .. 


Tftfol atifflff. onlwilflfail 




. 14.2 .., 


.-0.21.. 


, 9.62.. 


. 12.9 .. 


. 22.4 

Total angle—measured at Valley. 




. 14.0 ... 


0.. 


. 7.0 .. 


. 13.5 .. 


. 28.0 


quadrature voltage to compensate for 
tiie inherent angular difference and would 
permit satisfactory closed-ring operation 
when desired. 

Field Tests—1928 

The character of the problem of oper¬ 
ating the 66-kv Valley interconnection 
closed simultaneously with the Colfax- 
Springdale interconnection was recog¬ 
nized many years ago, and the earliest 
effort to analyze the problem was a spe¬ 
cially conducted series of tests in 1928. 
These tests consisted primarily of taking 
simultaneous readings on transformers 
and lines around the entire 300-mile 
loop, as it was at that time, and reading 
the actual phase difference between the 
voltages appearing across the open 
switch at Valley substation. These tests 
were described in an AIEE paper. 1 

Field Tests—1936 

In 1936, it was decided to increase the 
interconnection capacity, largely as a re¬ 
sult of the March 1936 flood. One of the 
increases proposed was a large capacity, 
66-kv phase shifter in the Valtey-Eli- 
wood City tie, in order to permit parallel 
operation. In order to obtain accurate 
and up-to-date information from which 

1. For all numbered references, see list at end of 
paper, 


to determine the required range of volt¬ 
age and phase angle for the proposed regu¬ 
lator, another series of tests was run in 
the fall of 1936, similar to those performed 
in 1928. 

These tests were conducted during the 
heavy load period, and arrangements 
were made to measure the voltages, the 
kilowatt and tlje kilovolt-ampere loads on 
the circuits arpund the loop, with the 66- 
kv tie at Valley open and closed, and with 
different divisions of load between the 
power generating stations. The test pro¬ 
cedure was to take readings regularly 
every five minutes and to open and close 
the tie switch at a scheduled time be¬ 
tween readings. In this way, data were 
secured with the Valley tie open and then 
again, five minutes later, with the tie 
closed, and vice versa. 

Graphic records and indicating meter 
readings were obtained at the various 
points. At Valley substation, graphic 
records were secured of the kilowatt in¬ 
terchange, reactive kilovolt-ampere in¬ 
terchange, and the phase angle. The 
phase-angle record was secured on a 
wattmeter which had its potential coil 
energized from the Pennsylvania Power 
Company voltage through a metering 
transformer which shifted the voltage 
90 degrees. The current coil was sup¬ 
plied by a constant current from the 
Duquesne Light Company system 
through a resistance load box. For dia¬ 


gram of connections, see reference 1. 
With this connection, the zero center 
wattmeter would read zero when the 
Duquesne Light Company and the Penn¬ 
sylvania Power Company voltages were 
in phase. The readings were calibrated 
by use of a recording voltmeter and am¬ 
meter. 

During the week following the tests, 
graphic charts were obtained of the volt- 



v B 

IN-PHASE 



Figure 3. Relation between phase shift and 
power flow 


ages and phase angles. Figure 44 shows 
the phase angle variations and figure 4 B 
illustrates the characteristic periodic os¬ 
cillation of about five degrees occurring 
about 18 times per minute. This is 
probably the result of synchronizing 
power swings following the natural period 
of the combined system. 
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Figure 4. Phase- 
angle record 


dale ties simultaneously without splitting 
the Duquesne Light Company system 
into separate parts. The Valley loca¬ 
tion gives the most economical installa¬ 
tion. 

Load and Phase 
Angle Requirements 



Summary of Test Results 

One of the principal objectives of the 
test was to establish definitely the prac¬ 
ticability of calculating phase angles for 
any given set of load conditions. The 
load readings were, therefore; used to 
calculate the phase angle and compare 
with the actual measured angle, and the 
results are shown on table I. The corre¬ 
spondence is very dose, considering that 
the readings are taken from meters which 
are continuously fluctuating over a wide 
range. 

Some typical power-flow and phase- 
angle test readings, as assembled and co- 


500 kw flowed through the Valley-Ell- 
wood tie, and an equal amount was trans¬ 
ferred from Colfax to Springdale. The 
automatic tie-line load control at Colfax 
was then cut in and set for zero inter¬ 
change. By the time Colfax had backed 
off enough load to bring the Springdale 
tie down to zero, the Valley tie load had 
built up, as shown, to 22,000 kw. Ef¬ 
forts to control the phase angle by shift¬ 
ing as much as 20,000 kw between vari¬ 
ous plants did not result in changes of 
more than five degrees. 

The normal open-circuit phase-angle 
difference between Valley and the £11- 


ordinated with the results, are shown on 
figures 5 and 6. It is interesting to study 
figure 5 and note that when the Valley 
tie is closed, the amount of circulating 
power passing through it actually ap¬ 
pears at every point throughout the 300- 
mile loop. It may be seen passing 
through the Springdale interconnection, 
increasing the load on the Springdale- 
Charleroi lines, decreasing the load on the 
Charleroi-Windsor lines, and so on 
around the entire loop, with no effect on 
any of the generator loads. The auto¬ 
matic load control on the Colfax-Spring- 
dale tie was cut out during this test. 

Figure 6 shows the charts for the inter¬ 
connection at Valley substation. The 
relation between the phase angle with the 
tie switch open and the power flow im¬ 
mediately after closing the switch can 
readily be seen. During these tests the 
reactive kilovolt-amperes flowed in a di¬ 
rection opposite the power; This was 
due to the fact that the ratio of the origi¬ 
nal tie line autotransformer was not 
changed to transfer reactive power. 
Referring to figure 34, the resistance in 
the system causes the current to lag be¬ 
hind the quadrature voltage by an an g u 
less than 90 degrees.- The circulating 
current, therefore; leads the line voltage. 

On the 11:14 a m. test (figure 6), 11,- 


wood City lines during the load period 
8 a.m. to 8 p.m. on week days varied be¬ 
tween zero and plus 22 degrees (Ellwood 
“fast”). 

There is a rather definite relation be¬ 
tween the phase angle across the open 
switch and the power which flows imme¬ 
diately on closing the switch. This 
ratio, as determined by test, runs from 
about 800 kw per degree at small anfr. 
down to 500 kw per degree for very large 
angles. This value may be checked ana¬ 
lytically by taking the entire reactance 
around the loop, together with the volt¬ 
age difference corresponding to a one de¬ 
gree phase angle. The result is as follows: 


-— — *vu uujuud i 

. 132 ky) 

Approximate impedance around loop 
472 ohms 

Voltage corresponding to one degree 
. 1333 

1 “ “ 2.82 amperes 

=VS -Ef (PF) “ V3 (132.000) (2.82) 
465 

^ =» 635 kw per degree 


These tests demonstrated that a phase 
shifter is necessary in order to use the 
VaUey-Ellwood and the Colfax-Spring- 


582 Transactions 


Lyman, North—Phase-Shifting Transformer 


The range of phase-angle control re¬ 
quired to attain the desired results is 
made up of two component parts: (a) 
the natural phase angle which may exist 
at any time due to the load and generat¬ 
ing conditions and the resulting net power 
flow in each individual section of the en¬ 
tire loop, and ( b ) the quadrature voltage 
necessary to send the desired amount of 
power through the tie line in the proper 
direction. With a phase shifter capable 
of meeting these requirements, it would be 
possible to interchange power in the de¬ 
sired amount between the two adjacent 
systems without affecting in any way the 
generation, transmission line, or tie-line 
loads on the other systems involved in the 
loop. 

The amount of phase shift needed to 
neutralize the natural angle involved a 
study of the characteristic load variations 
on the transmission lines and the effect 
of new generating capacity to be added in 
the future. 

The limits set up for power inter¬ 
change during an emergency were 40,000 
kva from the Pennsylvania Power Com¬ 
pany to the Duquesne Light Company, 
or 20,000 kva from the Duquesne Light 
Company to the Pennsylvania Power 
Company. These amounts are consistent 
with the requirements of each system and 
its ability to furnish power at that loca¬ 
tion. 

Natural Phase Angle 
Between Systems 

Obviously, it is not sufficient to know 
only what the normal phase angle will be 
in order to determine the phase shifter 
required. This phase difference varies 
over a wide range, depending on varia¬ 
tions in the loads on the lines and trans¬ 
formers occasioned by changes in load, 
generation schedules, and emergency 
conditions. In general, the line loadings 
around the 300-mile ring tend to cancel 
out, and if the location of the loads and 
generation were entirely symmetrical, 
there would be no phase difference at 
Valley. 

It is known, however, that load on lines 

feeding in one direction might possibly 
increase at the same time those feeding in 
the opposite direction would decrease. 
This would greatly increase (or decrease) 

Electrical Engineering 


the phase difference at Valley. It is en¬ 
tirely possible to secure extremely large 
angles in this manner, but if this occur¬ 
rence is to be infrequent, it would not be 
economical to provide for it. Conse¬ 
quently, the proper solution cannot be 
reached by providing for the worst pos¬ 
sible condition. 

In order to reduce this problem to 
more definite and tangible terms, the 
probability theory was applied to the 
basic information to determine the likeli¬ 
hood that the angle will exceed any 
given amount in either direction. This 
analysis has been limited to the period 
from 8 a.m. to 8 p.m. on week days. 
The phase difference during light loads 
is much less. 

The first step was to study the actual 
angular difference which existed and 
which could be measured at Valley sub¬ 
station. The combined result of many 
readings taken over several months is 
shown on figure 7. The angle varied 
from 0 to 22 degrees, with 11 degrees to 13 
degrees occurring most frequently. 

Probable Variation 

Most variable conditions which center 
about an average figure, but deviate from 
this average with a frequency which de¬ 

Figure 5. Load distribution—megawatts 


creases as the deviation increases, can 
usually be represented by the standard 
“bell” shaped distribution or probability 
curve. The experience curve on figure 7 
was plotted so as to show the percentage 
of the total number of readings of any 
particular angle. This curve has the 
characteristic “bell’ 1 shape and can be 
represented very closely, as shown by the 
series of crosses, with a standard curve. 

The hourly loads of each individual line 
or transformer, when plotted as a fre¬ 
quency distribution curve, will follow this 
general “bell” shape, having a certain 
average value, and varying above and be¬ 
low this average or mean by an amount 
depending on how widely the load fluctu¬ 
ates (8 a.m. to 8 p.m. load period only 
being considered here). If the curve for 
each line and transformer were available, 
they could be converted into phase angles 
(by using the load and impedance) and 
combined to obtain a probability curve 
for the phase angle at Valley. The meas¬ 
ure of the magnitude of the variation of a 
probability curve is called the standard 
deviation which is the root-mean-square 
of the deviations of all the individual 
points from the mean. It can be shown 
from the characteristics of the standard 
probability curve that the chances are 
two to one (2/3) that the load will not de¬ 
viate from the mean by more than the 
standard deviation. Furthermore, the 


chance that the load will exceed any given 
amount may be determined from the 
probability curve or standard tables. 

A study was made, therefore, of actual 
line load variations and representative 
probability curves obtained. The aver¬ 
age value of the standard deviation for 
these curves was found to be 15 per cent of 
the average load during the 8 a.m. to 8 
p.m. load period. This means that for 
only one-third of the time is the load more 
than 115 per cent or less than 85 per cent 
of the average. 

If there are several lines and trans¬ 
formers in a loop, each carrying a load in¬ 
dependent of the others, and varying ap¬ 
proximately according to the standard 
probability curve, the net phase shift of 
the whole group will also be a probability 
or “bell” shaped curve. The “S.D.” 
(standard deviation or spread) of this 
total curve will be the root-mean-square 
of the “S.D.’s” of the individual circuits. 

Load changes due to a general increase 
in system loads will not greatly affect 
the angle since they will tend to balance 
out, and it is only the independent varia¬ 
tions due to local conditions which affect 
the problem. It was found by examina¬ 
tion of simultaneous loads around the 
loop that 30 per cent of the variation is 
common to all circuits, so that the effec¬ 
tive standard deviation is only (100 per 
cent-30 per cent) X 15 per cent, or about 
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Figure 6. Relation 
between phase angle 
with tie open and 
power flow with tie 
closed 


tie is advanced by an amount equal to 
the calculated angle, Colfax and Toronto 
will not change their relative angular po¬ 
sitions, and the only power flow will be 
the 20,000 kw from the Duquesne Light 
Company to the Pennsylvania Power 
Company through the Valley-Ellwood 
tie. 

The phase angle produced by a given 
kilowatt load is not greatly affected by 
the power factor of the load on a system 
composed of transformers, reactors, and 
large capacity overhead lines, with con¬ 
sequent low ratios of resistance to react¬ 
ance. It can be calculated approximately 
by the formula: 


11 per cent, for individual circuits. Using 
this figure of 11 per cent applied to 
all circuits around the loop gives a phase 
angle variation curve for Valley with a 
standard deviation of 3.7 degrees. This 
compares favorably with the 3.8-degree 
standard deviation of the average curve 
on figure 7, taken from actual readings. ' 

Future Phase Angle Conditions 

The next step was to secure estimates 
by the various companies included in the 
transmission ring of the expected normal 
loads on their lines and transformers dur¬ 
ing heavy load periods after the installa¬ 
tion of the scheduled generators at Reed, 
Springdale, Windsor (two 60,000-kw 
units), and New Castle. These loads 
were used to calculate the phase angles 
in the manner previously described, and 
it was found that the normal phase angle 
at Valley substation will be about 7.5 de¬ 
grees. 

Inasmuch as the future loads are only 
estimates, it is necessary to provide some 
margin for estimating errors and other 
changes which may occur. Assuming 
that there is one chance in ten of a fore¬ 
casting error exceeding 25 per cent, a 
standard deviation of 15 per cent must be 
added to provide for this contingency. 
The combined standard deviation is the 
square root of the sum of the squares of 
t he individu al standard deviations, 
^ 15 2 + If 2 , which gives 18.6 per cent. 
This percentage was applied to the calcu¬ 
lated future phase angles around the loop 
in order to obtain the standard deviation 
for each individual section. A value of 
100 per cent was applied to the Colfax- 
Springdale tie and Windsor reactors, 
over which power may flow in either di¬ 
rection. The standard deviations thus 
determined were added numerically into 
groups, according to companies, since 
these circuits would be similarly affected 
by load shifts within each system. The 
root-mean-square of these latter figures 


gave the standard deviation for the angle 
at Valley as 6.4 degrees. 

The resulting curve at the bottom of 
figure 7 shows, for example, that the an¬ 
gle will exceed 20 degrees about two per 
cent of the time, and will be less than 
—5 degrees about three per cent of the 
time. This curve gives a definite basis 
for applying a regulator with a fixed mini - 
mum range to compensate for an angle 
which has no fixed limits and which may 
vary over a very wide range. 

Power Transfer 

After setting the phase shifter to com¬ 
pensate for the natural angular difference, 
the tie line can be closed and no power 
will flow. If, then, it is desired to shift a 
block of generation from one system to the 
other, the phase-shifter setting must be 
changed to pass the power without per¬ 
mitting any of the power to circulate 
around through the other companies in 
the loop where it would very likely upset 
tie-line loadings. 



The phase shift corresponding to the 
requirement of transferring 20,000 kw to 
the Pennsylvania Power Company, as 
described above, was found by calcula¬ 
tion to be eight degrees (exclusive of IZ 
drop in phase shifter). Since the natural 
angle may be 20 degrees (Pennsylvania 
Power Company leading Duquesne Light 
Company), a total net range of 28 de¬ 
grees would be necessary in order to be 
able to furnish 20,000 kw under all rea¬ 
sonable conditions. If the power factor 
of the interchange were 90 per cent lag, 
the above value of eight degrees would re¬ 
duce to about seven degrees. 

The phase angle required for shifting 
20,000 kw at unity power factor between 
various points has been found by calcu¬ 
lations and tests to be: 


The amount of phase shift needed to 
accomplish this power exchange may be 
readily determined by the process of su¬ 
perposition. For example: Suppose it 
is desired to transfer 20,000 kw from the 
Duquesne Light Company to the Penn¬ 
sylvania Power Company by picking up 
20,000 kw at the Colfax power station and 
dropping 20,000 kw at the Toronto power 
station. Regardless of the magnitude or 
direction of loads already existing on the 
intervening circuits, the net additional 
phase shift would be equal to that pro¬ 
duced by transmitting 20,000 kw from 
Colfax to Toronto, assuming no other 
loads on the lines. In order to transfer 
this power without the phase shifter, Col¬ 
fax would have to advance with respect 
to Toronto by this calculated angle. 
This, quite obviously, would cause power 
to flow also from Colfax to Toronto 
through the other systems in the ring. If, 
however* the phase shifter in the Valley 


Net Phase Shift 
Required* (Degrees) 


Colfax and Toronto..8,0 

Brunots Island and New Castle.6.6 

Springdale and Windsor.3.5 

Windsor and Philo.. 2.6 

Toronto and New Castle...3,0 

Colfax and Brunots Island.1.6 


* Excluding regulator drop. 

Selection of Phase-Angle Range 

J A regulator capable of handling 40,000 
kva and having a net shift of 28 degrees 
with a 20,000-kva load would be very large 
and correspondingly expensive. Conse¬ 
quently, a close scrutiny was made of the 
requirements, with the result that a se¬ 
ries-parallel arrangement was developed. 

The 28 degrees is necessary for the con¬ 
dition of 20,000 kva to the Pennsylvania 
Power Company, which is the maximum 
requirement set up. However, since the 
Pennsylvania Power Company voltage is 
normally in advance of the Duquesne 
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Figure 8. Regulator 
diagrams 



VOLTAGE DIAGRAM 


A' 



VECTOR DIAGRAM 


SCHEMATIC DIAGRAM 


Light Company voltage, a smaller phase 
shift is adequate to transfer power to the 
Duquesne Light Company. By the 
simple expedient of dividing into two 
parts the windings which carry the line 
current and providing a series-parallel 
switch, it was possible to reduce the rat¬ 
ing of the regulator to 20,000 kva and 
28 degrees net (33 degrees no load) on the 
series connection. By changing to the 
parallel connection, the carrying capacity 
becomes 40,000 kva, and the available 
phase shift of 15 degrees net (18 degrees 
no load) is adequate to transfer full load 
to the Duquesne Light Company under 
all reasonable conditions. 

The phase shift requirement for either 
company to take power through the Valley 
tie is materially reduced (about five de¬ 
grees) if the company is at the same time 
taking power from other interconnected 
systems. This would be the normal con¬ 
dition during an emergency. Should 
conditions arise when the phase shift re¬ 
quired is greater than the regulator ca¬ 
pacity, the result is not serious. For a 
five degree shortage, the Valley tie will 
carry 3,500 kw less than desired and the 
other tie 3,500 kw more than the desired 
amount. 

Load Increments 

With 20,000 kw at unity power factor 
transferred as described above, the total 
phase shift would be 8 degrees through 
the systems, plus 5 degrees in the regula¬ 
tor itself, or 13 degrees. The load shift 
per degree is, therefore, computed to be 
about 1,500 kw when shifting between 
Colfax and Toronto. As shown by pre¬ 
vious tests, and verified by calculation, an 
angle of one degree will send only 600- 
800 kw around the entire 300-mile loop. 
In this connection, the automatic load 
controller on the West Penn Power Corn- 



Figure 7. Natural phase-angle variation be¬ 
tween Duquesne Light Company and Penn¬ 
sylvania Power Company at Valley (no load 
on tie) Monday to Friday inclusive-—8:00 
a.m. to 8:00 p.m. 


pany tie line at Colfax must be taken 
into account. A sudden insertion of one 
degree, such as by changing taps on the 
phase shifter, would circulate about 800 
kw around the entire loop. This power, 
which would also flow through the West 
Penn tie at Colfax, would operate the tie 
line load controller, which would change 
the Colfax generation to return the tie 
line load to its original value, This 
would further increase the load change 
through the phase shifter after a brief 
interval to about 1,500 kw, correspond¬ 
ing to a transfer between the adjacent 
systems only. If the regulator steps were 
two degree each, the kilowatt change per 
step would be 3,000, which is not con¬ 
sidered excessive, and is less than the 
normal power oscillations which occur 
continuously. 

Voltage Regulating Requirements 

It is also necessary to provide an ade¬ 
quate range of voltage control in the regu¬ 


lating equipment. The normal voltage 
on the Duquesne bus at Valley is 63-65 
kv. With a load transfer to the Penn¬ 
sylvania Power Company of 20,000 kw 
at 0.8 power factor, the Duquesne bus 
would have a voltage regulation of 4.2 
per cent and the regulator would, there¬ 
fore, have to raise the voltage from ap¬ 
proximately 61 kv to the required value of 
71 kv, or 16 per cent net boost. 

The normal voltage on the Pennsyl¬ 
vania Power bus at Valley is 65-68 kv. 
When supplying 40,000 kva at 0.9 power 
factor to the Duquesne Light Company, 
the voltage would be 60.5 kv. The de¬ 
sired voltage at Valley under this condi¬ 
tion is 65.5, or a net boost of eight per cent 
(buck toward Pennsylvania Power Com- 
pany). 

Description of New Regulator 

The single-line diagram on' figure 8 
shows the schematic arrangement of con- 
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nections, and figure 9 shows the simpli¬ 
fied wiring diagram of the new phase- 
shifting transformer. The essential parts 
of this equipment are: 

(a) Exciting Transformer . A 65-kv delta 
primary on a three-phase core, with two 
secondary windings, one for quadrature 
voltage and the other for in-phase voltage. 

(b) Series Transformer . A three-phase 
core with one primary supplied from the 
exciting transformer and double secondary 
for 20,000 kva (series) or 40,000 kva 
(parallel) in series with the line. The 
change between the series and parallel con¬ 
nections is made with a hand wheel that 
can be operated from the* ground level. 

This change cannot be made under load Figure 10- Result! 
and, therefore, requires a five-minute of load shifting tests 
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(c) Two Load Tap Changers. For quad¬ 
rature and in-phase voltages, each with 33 
steps, 10 on either side of neutral. 

(d) Two Preventive Autotransformers for 
tap changing under load. 


(e) Fans for increased rating. Rati 
15,000/30,000 kva self-cooled and 20.00C 
40,000 with fans. 


The voltage diagram on figure 8 shows 
the range of phase shift and voltage con¬ 
trol available. In order to secure the net 
shift of 28 degrees on the 20,000-kva con¬ 
nection, a quadrature voltage of 67.5 per 
cent was needed. This would give 33.75 
per cent quadrature voltage on the par¬ 
allel connection. In order to utilize this 
and obtain an eight per cent boost when 
feeding toward the Duquesne Light Com¬ 
pany (eight per cent buck toward the 
Pennsylvania Power Company) a 16 per 
cent buck was required as shown on the 
diagram. This determined the in-phase 
voltage required, although the resulting 
32 per cent on the series connection is not 
all needed. 

The quadrature tap changer can be 
made to operate automatically from a 


watt-meter in the tie line, in order to M d 
the load within any desired range. 

Results of Tests on 
Completed Installation 

Arrangements were made to perform 
some load-shifting tests as soon as the 
regulator was available for service, in 
order to verify its ability to perform the 
functions for which it was designed. The 
load (harts reproduced on figure 10 show 
the power interchange over the tie lines 
between the various systems making up 
the loop. The tests may be described 
briefly as follows: 

Pest I 20,000-Kva Connection , Power 
to Pennsylvania Power Company. With 
the automatic load control on the Colfax- 
Springdale tie inoperative, 16,000 kw were 
sent to the Pennsylvania Power Com¬ 
pany by the phase-shifter control. The 
15,000 kw flowed around the entire loop 
with practically no effect on generator 
output Under similar conditions, dur¬ 
ing a previous test (before the phase 
shifter was installed) it had been impos¬ 


sible even by adjusting generator output 
and switching, to transfer any power di¬ 
rectly from Valley to Ellwood substa¬ 
tions. 

The power flow per degree of phase 
shift was found to be 790 kw per degree 
This is higher than the theoretical aver¬ 
age value of 635 kw per degree due pos¬ 
sibly to some unlooked for generator ad¬ 
justments around the loop. 

Test II-A 20,000-Kva Connection, 
Power to Pennsylvania Power Company. 
This was similar to test I, except that the 
automatic load control was operating on 
the Colfax-Springdale tie as it was in all 
tests except I. Figure 10 shows that no 
load change occurred on the Colfax- 
Springdale tie, Colfax picking up 15,000 
kw of load equal to that transferred to 
the Pennsylvania Power Company. 
Curve G, however, shows that a large part 
of the 15,000 kw passed through Canton 
and South Akron and to the neighboring 
companies on the west, . 

The load shift at Valley proved to be 
1,220 kw per degree, instead of 1,500 kw 
per degree, as had been calculated for a 


586 Transactions 


Lyman , North—Phase-Shifting Transformer 


Electrical Engineering 










transfer from Colfax to Toronto, ob¬ 
viously because the load picked up at 
Colfax was dropped by power stations 
beyond the Ohio Edison Company sys¬ 
tem. 

The 15,000 kw were transferred on 
regulator quadrature voltage tap A-28. 
Two more steps to tap .4-30 would have 
increased the load to about 20,000 kw. 
The three remaining steps would have 
transferred the 20,000 kw even if the 
Pennsylvania bus voltage had been 18 de¬ 
grees ahead of the Duquesne bus voltage 
(tie open) instead of 12 degrees as it was 
during this test. Furthermore, if all the 
load decrease had been made at the Ohio 
Edison Company plants, there is no 
doubt that the 20,000 kw transfer could 
have been made in the face of a natural 
phase difference of 20 degrees, thus dem¬ 
onstrating that the phase-angle range pro¬ 
vided is neither too small nor unneces¬ 
sarily large to accomplish the established 
requirements. 

Test II-B — 20,000-Kva Connection , 
Power to Duquesne Light Company . 
About 20,000 kw were sent from the 
Pennsylvania Power Company to the 
Duquesne Light Company. In this case 
Colfax dropped 20,000 kw and most of it 
was picked up on the Ohio Edison Com¬ 
pany plants, only about 5,000 kw coming 
through its ties to the west. The power 
shift in tliis case proved to be 1,530 kw 
per degree, which corresponds very 
closely with the predicted figure of 1,500 
kw per degree for transfer between Colfax 
and Toronto. The method of analyzing 
this part of the problem is thus fully sub¬ 
stantiated. 

On this test, reactive power was trans¬ 
ferred in order to adjust the power factor 
to the desired value. Each two per cent 
in-phase step transferred about 1,700 
kilovars. Each 4.2 per cent quadrature 
step transfers about 3,000 kw between 
Duquesne Light Company and Ohio 
Edison Company. The greater effec¬ 
tiveness of the in-phase voltage is due to 
the fact that the only impedance to be 
overcome is between points where the 
voltage (magnitude) is held constant, 
which points are closer together than the 
generating stations between which power 
is being transferred. Synchronous mo¬ 
tors and condensers also tend to maintain 
the voltage magnitude, but not the phase 
relation. 

TestllI—40fiQQ-Kva Connection , Power 
to Duquesne Light Company . This test 
was run to demonstrate the ease with 
which desired amounts of power may be 
obtained by the Duquesne Light Com¬ 
pany from both the West Penn Company 
and the Pennsylvania Power Company. 

October 1938, Vol. 57 


A total of 64,000 kw was obtained, di¬ 
vided nearly equally between the two 
interconnections. With system condi¬ 
tions as they were at the time, very little 
phase shift was needed, but during emer¬ 
gencies such as would require this large 
amount of power, the phase-angle con¬ 
ditions would vary over a considerable 
range and most of the 15 degrees available 
would be needed. 

Test IV — 40,000-Kva Connection , Power 
to Pennsylvania Power Company. This 
test was performed to see how much 
power could be sent to the Pennsylvania 
Power Company with the limited range 
available on the parallel connection and 
the natural angle existing at the time 
(12 degrees). About 14,000 kw were 
transferred, using the full range of 18 de¬ 
grees (no load). This average of 2,300 
kw per degree is greater than on the 
series connection because the impedance 
of the regulator is only one-quarter as 
great. This reduces the total impedance 
between Colfax and Toronto by 33 per 
cent, which corresponds closely with the 
relation between 1,535 kw per degree and 
2,300 kw per degree. 

Conclusions 


1. A regulating transformer to control 
phase angle as well as voltage magnitude 
is necessary in order to utilize successfully 
the tie line between Valley substation and 
Ellwood City. 

2. The methods outlined herein for ana¬ 
lyzing the characteristics of the inter¬ 
connected system are entirely practical and 
accurate for determining the size and range 
of the in-phase and quadrature voltage 
control required. 

3. The phase-shifting and voltage-regu¬ 
lating equipment, as installed, performed 
satisfactorily and gave positive and inde¬ 
pendent control of the kilowatt and reactive 
flow through the tie line under the desired 
conditions. 

4. The use of a series parallel (20,000- 
40,000 kva) arrangement permitted a more 
economical solution of this problem where 
special load carrying and phase-shifting 
requirements had to be met. 

5. The method outlined herein for ex¬ 
pressing the future phase-angle variations 
by use of the probability theory is believed 
to be applicable to a variety of other prob¬ 
lems of a similar nature. 
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Discussion 

Robert Treat (General Electric Company, 
Schenectady, N. Y.): The considerable 
number of studies made, and of inquiries 
received for quotations on phase-shifting 
transformers over a period of years indi¬ 
cates that this subject has intrigued the 
imaginations of many utility engineers. 
The small percentage of such inquiries 
which have resulted in orders, however, 
indicates that the cost of solving the problem 
by this means has generally been considered 
disproportionate to the expected benefits. 
It would appear that most of the problems 
have been solved in a less expensive, per¬ 
haps also in a less satisfactory, manner. 

This paper is of interest in that it de¬ 
scribes one case in which a really compe¬ 
tent and penetrating analysis showed the 
installation of a phase-shifting transformer 
to be economically justified. Operating 
experience appears to have confirmed the 
wisdom of the decision to proceed with the 
installation. 

The information in this paper will be of 
great value to other engineers who are con¬ 
fronted with similar problems. 


Philip Spom (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The type of transmission loop, described by 
Messrs. Lyman and North in this paper, is 
distinctly a product of the interconnection 
idea, as carried out by the various com¬ 
panies involved in this loop, including par¬ 
ticularly the company with which I am 
associated. This problem of loop operation 
and inability to maintain complete control 
of power flow over individual portions of 
such loops is one that we are confronted 
with continually. 

The authors have described a very thor¬ 
ough method of analysis of their particular 
problem, from the standpoint of both com¬ 
putations and field observations. The 
graphical representation of the actual and 
equivalent loop reactances as shown in 
figure 2 of the authors’ paper is novel and 
helpful, and the application of probability 
theory to the selection of the range of con¬ 
trol which can be economically justified, is 
also a sensible and practical means of ap¬ 
proach. In fact, starting out on the pre¬ 
mise that fairly complete control of power 
flow is necessary on an interconnection of 
this type in order to obtain the advantages 
of the interconnection, the authors have 
attacked and solved the problem in a sound 
and clever manner. 

However, in the light of the experience 
we have gained in operating interconnected 
systems, I should like to raise a question as 
to the premise on which this entire study 
was based. At the outset it is stated that 
the interconnection is to be used only in 
case of an unusual emergency situation to 
provide an emergency source of power. I 
should like to ask why, as an emergency 
proposition, it would not have been possible 
to have taken care of the emergency by 
simply closing the switch at Valley, regard¬ 
less of the particular phase-angle situation 
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existing at the time, and allowing the power 
to flow in whatever direction and amount it 
chooses. Even though power did not flow 
in the direction and amount desired at that 
time, nevertheless, continuity of service 
would be maintained, and voltages would 
be upheld by the necessary exchange of 
reactive kilovolt-amperes, independent from 
the flow of power. After all, it is generally 
true in networks that power will flow over 
the path of least resistance, So that the 
simple closing of the switch without any 
attempt to force power to flow in any par¬ 
ticular direction will generally result in the 
least over-all system losses from generating 
stations to loads. Of course, there may 
exist limitations in some cases, such as sma ll 
capacity transformers in the loop which 
might be overloaded, but from the values of 
circulating load mentioned in the paper, it 
is my impression that this would not be 
the case on this particular loop. 

For a permanent operating setup, the 
closing of a tie such as this, without phase- 
angle control, would undoubtedly introduce 
complications into the billing of the various 
groups physically connected in the loop. 
While this may appear insurmountable for 
permanent operation, it has been our experi¬ 
ence that in most cases a solution is possible 
and that a great deal of effort to work out 
the problem on that basis is justified before 
resorting to phase-angle control. In other 
words, we believe that it is far better to let 
the power flow naturally and carry out such 
adjustment as may be called for in the 
billing arrangements rather than to resort 
to devices like phase-angle-control equip¬ 
ment which not only are a major expense in 
themselves but obviously decrease the reli¬ 
ability of the interconnections and in many 
cases serve only as a “bottle heck.” In the 
particular case described, since it was estab¬ 
lished purely fot taking care of emergency 
situations and was not intended for per¬ 
manent operation, I would more than ever 
question whether the phase-angle-control 
solution is economically sound. 

T. G. he Clair (Commonwealth Edison 
Compahy;- Chicago, Ill.): The phase- 
shifter application described in the paper is 
an unusual one ' because the phase-angle 
range is somUch greater than would nor¬ 
mally be expected. 

The discussion by Mr. Sporn might infer 
that ^phase shifters are not economically 
sound because in a closed network the power 
will follow the path of minimum reactance 
and, theoretically, the path of minimum 
loss. However, there are two conditions 
where phase shifters are of great economic 
value and where the general statement does 
not apply. One is the condition of two 
parallel lines in which the ratio of carrying 
capacity to impedance is not the same. For 
example, in/Chicago we hive two 66,000- 
volt cable circuits with nearly equal iinped- 


ance, but with one having nearly twice the 
load carrying capacity of the other. A 
phase shifter is essential for this application. 

The other necessary application for phase 
shifters is in large loops involving more than 
one company where the power flow must 
be controlled to meet arbitrary contractual 
agreements. In some cases, where one 
party to an interconnection is not co-opera¬ 
tive, it may be cheaper to install a phase 
shifter than to pay penalties under a con¬ 
tract for not having maintained the correct 
line loading. 


S. B. Griscom (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The authors are to 
be commended for the thoroughness with 
which they analyzed the problem, and for 
their clarity in presenting the steps by 
which the required equipment ratings and 
characteristics were determined. The use 
of the probability theory to insure adequate 
but not excessive phase-angle range is par¬ 
ticularly noteworthy. 

Referring to figure 2, it is interesting to 
note that a very considerable portion of the 
total loop reactance is attributable to the 
bus reactors and voltage transformations at 
Colfax, Brunots Island, and Windsor. This 
would offhand lead to the conclusion that 
these connections are responsible for a large 
part of the required phase-angle shift. 
However, a review of table I shows that this 
is not the case, as under the expected loading 
conditions, the transfer of power through 
these elements is comparatively small. It 
is also very interesting to note that of the 
total quadrature range of the regulator, the 
major part is required to compensate for 
the cumulative phase angles generated 
around the loop, as compared to the nominal 
phase angles tabulated under “Power 
Transfer,” required to shift 20,000 kw 
between various points. 

The writer would like the authors* opinion 
as to the probable needs of the central sta¬ 
tion industry for combined phase-angle and 
voltage control for fields now commonly 
using step-type voltage regulators of nomi¬ 
nal capacity, say 50- to 500-kva regulator 
size. For example, it seems to the writer 
that there must be frequent cases where 
load is fed as shown by figure 1 of this 
discussion. Load C is fed by two lines, 
one of which is tapped at B. Under these 
circumstances, the limiting load that can 
be delivered to C is reached when the line 
from A to B is fully loaded, whereas the 
direct line from A to C may be well under 
its maximum rating. A regulator at R 
will serve to force the necessary increment 
of load over the direct line to C, relieving 
the load on the line from A to B t and thus 
increasing the total load that may be served 
at C, In the simple case as illustrated, 
probably the emergency condition of one 
hne out of service fixes the ultimate limit, 
but with other standby feeds to C, it would 
seem that dividing the load between the 
principal circuits in proportion to then- 
capacity, a small investment in regulators 
would permit fuller utilization of a larger 
investment in lines. 

It is possible to combine both phase-shift 
and voltage-ratio changes with a single 
regulating mechanism, provided that a 
fixed relation between them is permissible. 

In addition to the well-known 60-degree 
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relationship, between the line and increment 
voltage, any other desired value may be 
obtained by proper design of the regulator. 

The authors were able to make extensive 
tests on the interconnected system to obtain 
confirming tests of these calculations. 
These were supplemented by calculations 
projected to cover expected future condi¬ 
tions. While not particularly complicated 
such calculations may prove quite arduous, 
particularly if a number of the lines have 
considerable resistance, and there are a 
large number of possible future conditions 
to be examined. In such cases, the work 
would be very much facilitated for the use 
of the a-c calculating board, such as the one 
used by the company with which the writer 
is connected. This board has been used 
on over 200 system studies since its installa¬ 
tion eight years ago. 


W. J. Lyman and J. R. North: The authors 
are indeed grateful for the interest shown in 
this subject by the discussions presented. 
It is worthy of note that no exceptions were 
taken to the method of approach and the 
manner in which the problem was solved. 
Particular notice was taken of the favorable 
reception accorded the use of probability 
analysis. This seems to reinforce other 
indications that the probability theory is 
coming to be more generally accepted as a 
method of approach with certain types of 
power system problems. 

Mr. Griscom raised the question of the 
probable use of phase shifters in the future 
to balance loads on parallel circuits. The 
authors feel that this is a distinct possibility, 
and as described in Mr. LeClair*s very 
interesting comments, the idea has already 
been applied. It would seem that, par¬ 
ticularly in metropolitan areas where addi¬ 
tional rights-of-way are becoming more 
difficult to obtain, there may be more 
pressure brought to bear to secure the 
maximum possible use of existing facilities. 
The example cited by Mr. Griscom is quite 
common, and in a few cases at least, reactors 
have been used to secure better load balance. 
However, where voltage regulation is a 
problem, the phase shifter might be justified 
by the amount of voltage control which 
could be obtained. In our opinion, such 
applications would, in general, involve larger 
sizes than those mentioned by Mr. Griscom. 
Mr.^ Treat*s comments on the inquiries 
received on phase-shifting equipment may 
bear out the contention that more interest 
is being shown in this method of control 
and that it is at least being considered for 
the solution of a wider variety of problems. 

Mr. Spom*s discussion of the economic 
aspects of the problem is quite pertinent. 
Naturally, the expenditure must be justified 
in one way or another. In this particular 
case it was largely as a result of the 1936 
flood that it was decided to increase the 
interconnection capacity. Due to the great 
distances and the number of parties involved 
in the transmission loop it would not be 
possible to use the full rated capacity of 
both large interconnections without some 
form of power control. The phase shifter 
thus actually increases the effective inter¬ 
connection capacity. Inasmuch as a new 
regulating transformer was required in any 
event to increase the tie line capacity, the 
phase-angle control was obtained for a 

reasonable incremental investment. 
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Field Testing of Bushings and Transformer 
Insulation by the Power-Factor Method 

By I.W. GROSS 

ASSOCIATE AIEE 


L Introduction 

T HE IMPORTANCE of maintaining 
the insulation on all parts of an elec¬ 
tric system in good operating condition is 
fundamental with any power company 
today, particularly on such equipment as 
high- and medium-voltage bushings and 
transformers. The maintenance of such 
insulation requires some sort of periodic 
test to determine its condition, an exact 
location of faults, and requirements for 
reconditioning or replacing faulty parts. 

Until the introduction of the power- 
factor method of insulation testing, the 
methods available were generally un¬ 
reliable, uncertain, or of a type which de¬ 
stroyed the insulation if faulty or per¬ 
haps weakened it by excess voltage, even 
if normally good. The introduction by 
the Doble Engineering Company of a 
power-factor test set for field use some 
eight years ago made possible the prac¬ 
tical testing of bushing insulation under 
service conditions. The further develop¬ 
ment of this test set, together with ex¬ 
tension of its application to testing trans¬ 
formers and other equipment, and re¬ 
finement in measuring technique and in¬ 
terpreting of results, has produced a 
highly satisfactory test device for de¬ 
termining the condition of high-voltage 
insulation in the field. 

This successful development of field 
power-factor testing of insulation to its 
present state has been possible only 
through the closest co-operation between 
the manufacturer and users of the test 
set in the interchange of ideas, field rec¬ 
ords and technical data. Without such 
a procedure, progress would have been 
much impeded and the present usefulness 


1. For all numbered references, see list at end of 
paper. , 
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facturers are power-factor testing new 
bushings as a routine test procedure, and 
one manufacturer has started power- 
factor testing high-voltage transformer 
windings. 

Although the goal of complete elimi¬ 
nation of all bushing, oil circuit breaker, 
and transformer failures in service prob¬ 
ably never will be reached, the power- 
factor test method now available and in 
use by a large number of power com¬ 
panies has proved to be a useful tool in 
detecting faulty insulation prior to equip¬ 
ment failure in service. Reduced failures 
of equipment in service, decrease in cost 



Figure 1. Light delivery truck/ specially fitted 
to carry portable insulation test set and all 
accessories. A field test is being made on a 
33-kv oil circuit breaker 


of maintaining such equipment, and 
better service supplied by electric systems 
to their customers are the objectives of 
the periodic testing program of field in¬ 
sulation, testing which has been in effect 


periodic test schedule was started on the 
(koss^Mdd Testing 


same equipment in 1932 and extended to 
transformer insulation in 1934, and gradu¬ 
ally to other miscellaneous equipment as 
the test work progressed. The results of 
much of this earlier work have been pre¬ 
viously reported 1 ** in 1934. 

Herein will be given: 

1. An outline of our present test procedure. 

2. General description of test methods 
used. 

3. Our present test standards fdr judginj 

insulation condition. , ' f. 3 - 

4. Summary of fault conditions fbtttid in 

bushings, power and instrument itrans > 
formers, and oil circuit breakers,; . ^ 

years 1932 to October 1#37>|acj|t^ 5 e 
including some records on cork 

5. Discussion of results obtauied.31J^^^; ; !- 

Conclusions based on the residtiif ' I 
b l /i years of actual field tests by the pow^r 
factor method on equipment on the Ameri¬ 
can Gas and Electric Company system. , 

It is outside the scope of this paper to 
discuss in detail bushing desighj ^is cbn- ' 
tributory to service faults^ or .ip‘ r ^cpbe^''’ 
procedure for servicing equipmen^|6unS’ * 
faulty by test. 

HI. General Test Procedure '*>■■ 5 

.* :*• :&ff ib-JTfir. • 

The te$t set, which has pre^iotel^' bfeeh 
described, 1 consistsessefitially of atl^OOQ- * 
volt test transformer with meaJte fbr"*ad- r & 
justing the voltage and ah instrument ' 
case containing wattmeter, voltmeter, 
and ammeter for obtaining readings of 
watts, voltage, aM current The power 
factor is readily obtainable in most cases 



Figure 2. Rear view of test car showing 
instrument cases on top shelf* test transformer 
with control panel, oil test cup, and tool box 
on second shelf; and high-voltage test cable 
coiled in cylindrical tpaji on car floor 
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of power-factor test application re¬ 
stricted. The equipment manufacturer 
has also lent his aid to this work, and in 
fact today at least two bushing manu- 
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for the past five years on the system of 
the company with which the author is 
associated. 

II. Scope of This Paper 

Power-factor testing of oil circuit 
breakers and their bushing insulation was 
tried out on the properties of the Ameri¬ 
can Gas and Electric Company in 1929, 
The results were so satisfactory that a 



by one slide-rule setting. Other mis¬ 
cellaneous equipment, such as standard 
condenser, oil cup, test leads, guard cir¬ 
cuit, safety switches, etc., comprise the 
balance of the equipment All major 
test equipment is specially designed, and 



Figure 3. Field test of oil circuit breaker. 
The test man reads his instruments without 
removing them or the test transformer from the 
test car. The other man, standing on the 
ground, connects the test lead to the bushing 
with an insulated switch stick 

carefully shielded—an important feature 
required for use in the field. 

In actual operation, the test equipment 
is. carried in a light delivery truck as 
^hown in figure 1. A view of the rear of 
Ae truck, with full door opening, is 
afaown in figure 2. The interior of the 
truck has been specially fitted with 
shelves and partitions to hold the test 
equipment, not only rigidly in place dur¬ 
ing transit, but without being moved 
when testing is in progress. Figure 2 
shows the instrument case on the top 
shelf, the test transformer, oil cup, and 
tool box on the middle shelf, and the 60- 
foot test lead coiled in a cylindrical con¬ 
tainer on the floor. A typical field test 
on an oil circuit breaker is shown in prog¬ 
ress in figure 3. 

The test schedule was first set up on a 
yearly basis. As the test work was ex¬ 
tended each year to other equipment not 
contemplated when the schedule was 
first arranged, equipment has been tested 
every 18 months to two years ins tead of 
yearly as initially planned. At the pres¬ 
ent time we have three test sets in con¬ 
tinuous use throughout the year. 

All fault conditions found are immedi¬ 
ately brought to the attention of the 
person in direct charge of maintenance, 
and major faults are recommended for 
immediate correction. Minor faults are 
pointed out, but are usually left until 
regular maintenance periods, or Until 
next periodic test, according to the ap» 
.parent importance of the fault and service 
conditions. 

Copies of all field test records giving 
classification of faults according to sever- 
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ity, and recommending servicing proce¬ 
dure are promptly distributed to the 
person in charge of operation, to the Doble 
Engineering Company, and to the engi¬ 
neering department of the American 
Gas and Electric Service Corporation. 
Although the field-test men make the 
initial recommendations for servicing 
faulty equipment, subsequent triple re¬ 
view of the test data and recommenda¬ 
tions are possible by the above procedure. 
Be it said to the credit of the test men, 
rarely has any exception been taken to 
their initial recommendations given at 
the time the tests were made in the field. 

From the very start of this test pro¬ 
gram it was believed that the best re-, 
suits would be obtained by placing the 
test set in the hands of a technically 
qualified man, specially trained in this 
type of work, making tests continuously, 
and held highly responsible for the prog¬ 
ress made and the recommendations 
given. Our experience bears out this 
belief. Such a man often detects fault 
conditions in the field which can easily 
be overlooked by adherence to an ar- 
bitraty set of power factor, watt loss, 
current, or other limits. Such limits are, 
however, essential as a basis of evaluating 
faults, although supplemental tests or 
inspections have frequently detected 
faults which would not have otherwise 
been found. 

IV. Detailed Test Methods 

In applying test voltage 10 kv is used 
unless this is above the safe limit of the 
equipment being tested or unless the 
charging current exceeds the range of the 
measuring instruments. If such con¬ 


ditions exist, the applied voltage is re¬ 
duced to 5.0, 2.5, or 1 kv as required. 

Oil Circuit Breakers 

The method of testing oil circuit break¬ 
ers has previously 1 been described in 
detail. It consists essentially in testing 
each bushing separately, with the breaker 
open, and each tank separately (two bush¬ 
ings plus internal cross connection) with 
the breaker closed. It is usually un¬ 
necessary to disconnect the external leads 
to the bushing unless a fault condition is 
found. Evaluation of watts, power fac¬ 
tor, and in some cases current (See V— 
"‘Classification of Faults” and table III) 
enable the classification of the insulation 
condition. 

Transformers 

Testing the insulation of transformers 
by the power-factor method differs some¬ 
what from the procedure followed in oil 
circuit breakers, first because physical 
separation of bushing from the internal 
insulation (winding) is usually not pos¬ 
sible without opening the transformer 
tank (which involves extra labor), and 
second because it is often desirable to 
test the insulation of both windings of a 
transformer as well as their interwinding 
insulation. Also, another important fea¬ 
ture that has to be considered is the rela¬ 
tive large magnitude of watts loss and 
current in winding insulation as com¬ 
pared with those in bushings. This can 
easily obscure the fault in a transformer 
bushing unless it is disconnected and 
tested separately, or other means of test 
and analysis are used. 

With instrument transformers such 
special test means and analysis have been 


Table I. Test Procedure on Instrument Transformers 
(See Figure 4) 


Test 

Number 

Meter 

Reading 


Connections 


Test 

To 

To 

Ground 

To 

Shield 

1 . 

2 . 

....HP* + Wb + Hi + H*. 

. . . . X7, 4. Vi 




3. 

T A 1 ..... 

Bi + Xi . . . 



rr 


Table II. Test Procedure on Power Transformers 
(See Figure 4) 





Connections 


Test 

Number * 

Meter 

Reading 

Test 

To 

To 

Ground 

To 

Shield 

• 1 ,.*. 

2 . 

3.....;... 
4;. 

-W s .+ Wb . 

- Wb . 

-..Hi and H*..„.... 
...Hi and H% . 

-.ti and La 


• • Wl -f Wb . 

•• W L - 

...L\ and I*... 

. -.Li and La . 

..Hi and Hi 

• • ••Li and It 

.... Hi and Hs 
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successfully used to segregate winding 
faults from those in bushings. The pro¬ 
cedure we have used is as follows: Re¬ 
ferring to figure 44, which represents a 
typical transformer, test voltage is ap¬ 
plied simultaneously to the high voltage 
terminals Ih and Hz> one terminal only of 
the low-voltage winding being grounded. 
A second test is now made with voltage on 
Hi, and II 2 connected to shield, other con¬ 
nections remaining the same. The third 
test is a repeat of test number two, with 
connections Hi and H 2 reversed. The 
first test shows the over-all insulation 
condition of the transformer; the second 
and third tests (called cross checks) give, 
by comparison, the condition of each 
bushing. These three tests are outlined 
in table I. Where serious faults are in¬ 
dicated the bushings are,separated from 
the winding and all tested separately. 
The insulation of the low voltage coil to 
ground is not tested as practical consid¬ 
erations have not yet indicated this is 
necessary. 

In testing power transformers the loss 
in secondary winding insulation to ground 
must be measured and all winding losses 
evaluated. This has been done by the 
four tests outlined in table II. By proper 
combination of measured values the losses 
in, and power factor of, all three insulation 
paths can be obtained. The determina¬ 
tion of the condition of the bushing in¬ 
sulation is not quite as simple here as 
with the instrument transformer on ac¬ 
count of the relatively higher loss in the 
high-capacitance transformer windings. 
Several methods are available and have 
been used for determining the condition 
of the bushing alone without disconnect¬ 
ing it from the winding. 

First, a comparison of the relative 
power factors of high, low, and inter¬ 


winding insulation which shows ab¬ 
normally high loss insulation to ground 
usually indicates one or more faulty 
bushings connected to high-loss winding. 
Second, if the bushing is of the draw- 
lead type, the lead can be lowered inside 
the transformer tank by means of an in¬ 
sulating rod, and the bushing tested 
separately. A third method (hot-collar 
test) described below has also been suc¬ 
cessfully applied as an individual bushing 
test in some cases. 

Hot-Collar Bushing Test 

This test, which has recently come into 
use, is applied to bushings only, and con¬ 
sists of grounding the normally “hot” 
terminal of the bushing and applying the 
10-kv test potential successively along 
the bushing at recesses between porcelain 
corrugations, and measuring the watts 
loss. Contact with the porcelain is made 
either through tinfoil wrapped around the 
entire porcelain circumference, or through 
a circular flat spring damp which dips 
between the porcdain watersheds. This 
clip is energized on test, hence the name 
hot collar. 

By this test a considerable number of 
faulty bushings have been detected, which 
upon examination were found to have 
such faults as cracks in the porcelain, 
porous porcelain, water (as much as a one- 
half cupful) inside the bushing at the top, 
and distributed moisture in the interior 
of the bushing. The test has always 
shown faults detected by the power fac¬ 
tor test, and also faults such as the above, 
some of which the power factor test had 
not picked out. 

Solid Insulation 

Solid insulation such as wooden switch 
sticks, hot line sticks, and fibrous insula¬ 


Tabl« III. Basic Rating for Insulation Quality From Power-Factor Field Tests 

(Corrected to 20 Degrees Centigrade) 


Apparatus 

Type 

By Per-Cent Power Factor 

Good (G) Deteriorated (D) Remove (R) 

Remarks 

Bushings. 

. .Comp, filled. 

. . Below 4.0.. 

. .4.0 to 6. 

.Above 6 



Oil filled. 

., Below 3.5.. 

. .3.5 to 5. 

.Above 5;.. . 

. Fibrous barrier 


Oil filled. 

. .Below 4.0.. 

, .4.0 to 6. 

.Above 6..... 

.Porcelain barrier 


Condenser. 

. .Below 3.5.. 

..3.5 to 5.. 

.Above 5. 

. 1-piece porcelain 


Condenser. 

. .Below 3.6.. 

. .3.5 to 6.. 

.Above 6. 

.Multi, shed 

Transformer- 

Semicond. 

.. Below 4.0.. 

. .4.0 to 7. 

. Above 7..... 

. Also bulk type 

winding. 

..C. T. 

. .Below 3.5.. 

. .3.5 to 6. 

.Above 6. 

.With bushings 


C. T.. 

. .Below 3.5.. 

. .3.5 to 7. 

.Above 7._ 

. Winding only 


Power and P. T... 

. .Below 3.5.. 

..3.5 to 5...... 

.Above 5 

Oil circuit 



By Watts Loss 



breakers. 

.. Most. 

.. Below 0.2.. 

.0.2 to 0.5... 

.Above 0.5.. 

.Loss in tank 


33 Kv.. 

. .Below 0.15. 

.0.15 to 0.3,. i 

. Above 0.3.. 

. Loss in tank 

Herkolite cylinder.. 

. .3-inch..... 

..Below 0.1.. 

.0.1 to 0.5. .. 

. Above 0.5.. 

. Between bands 

Wood bushings.... < 

> ..3-inch...... 

..Below 0.1.. 

.0.1 to 0.5... 

.Above 0.5,. 

. Between bands 


Comp, and cond.., 

. .Below 0.2.. 

.0.2 to 0.5... 

.Above 0.5.. 

.Hot-collar test 
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tion such as insulating cylinders in bush¬ 
ings are being tested regularly by the 
power-factor test set. The standard test 
used is 10 kv between tinfoil or other 
metallic wrapping placed at three-inch 
intervals along the stick or cylinder, and 




Figure 4. Insulation diagram of transformer 

4—Typical transformer 
B —Equivalent insulation diagram 
HT— High-voltage side 
LT— Low-voltage side 

H\ and H a —High-vpltage bushings and losses 
Li and U —Low-voltage bushings and losses 
Wff —Watts loss, high-voltage insulation to 
ground 

W L —Watts loss, low-voltage insulation to 
ground 

W B —Watts loss, insulation between high- 
voltage and low-voltage 
X—-Watts loss, W B f + W n't where prime (0 
equals the loss with one end of high-voltage 
grounded 


insulation rating based on watts loss. 
While the technical justification why 
such a test is sound, is not at first dear, 
involving as it does creepage paths along 
the stressed surface of the insulation as 
well as the direct insulation path through 
it, it is a fact, however, that it is a prac¬ 
tical and effective method of locating in¬ 
sulation defects in wood members and 
fibrous insulation. 

Allocation of Trouble 

Tests of this type are extremely helpful 
in definitely locating trouble, determining 
the cause, and applying corrective 
measures, once a piece of equipment such 
as a bushing or transformer has been 
found defective. The mere knowledge 
obtained by a test that shows equipment 
is faulty without allocating the trouble 
is only one step in maintaining electrical 
equipment in good operating condition. 
The tracing of the trouble to its source is 
just as important as finding a faulty 
piece of equipment, for the type and 
location of the trouble determines the 
nature of .servidng required, even at 
times to the desirability of scrapping 
parts of or the entire equipment. This 
insight into insulation, the power-factor 
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Figure 5. Power factor versus temperature 
correction curve for transformer winding (from 
field tests) 


test set, with its direct readings of current 
and watts has been able to do with a high 
degree of certainty. 

V. Classification of Faults 

From the time the insulation in a piece 
of equipment leaves the factory in good 
condition until the end of its useful life 
(usually a period of years) it undergoes 


Table V. Power-Transformer-Bushing Faults Segregated as to Type; Summary of Four Years of 

Field Testing 

(January 1934 to October 1937) 


Type of 

Bushing* Test 

Number of 
Bushings 
Tested 

Defective 

Rei 

nove 

Average—3 Tests 

Per Cent 
D 

Per Cent 

R 

Number 

Per Cent 

Number 

Per Cent 

A... 

...First.... 

...1,182... 

... 31... 

... 2.6.... 

.. 46... 

...3.9) 




Second .. 

... 772... 

... 15... 

... 1.9.... 

.. 12... 

...i.e£.. 

_2.5... 



Third.... 

... 134... 

... 7... 

... 5.2.... 

.. 0... 

. ) 



B.... 

...First.... 

... 875... 

... 77... 

... 8.8.... 

.. 58... 

...6.6) 




Second.. 

... 447... 

... 28... 

... 6.3.... 

.. 8... 

...1.8V.. 

....8.7... 

.,.,5.0 


Third.... 

... 128... 

... 22... 

...17.2.... 

.. 9... 

...7.0) 



C.... 

...First.... 

...2,515... 

...100... 

... 4.0.... 

..141... 

...5.6) 




Second .. 

...1,399... 

... 52... 

... 3.7_ 

,, 76... 

.. 5 4)* . 

..40... 

... 5.5 


Third.... 

... 175... 

... 10... 

... 5.7.... 

.. 6... 

.. .8.4 ) ’ 



D.... 

.. .First..,. 

...2,132... 

... 22... 

... 1.0.... 

.. 26..., 

... 1.2 ) 




Second .. 

...1,071... 

... 5... 

... 0.5;... 

.. 6_ 

.. .0.6 > .., 

_0.8_ 

,...0.9 


Third.... 

... 252... 

... 0... 


.. 0.... 




jE.... 

.. .First. 

...1,025... 

... 19... 

... 1.9.... 

.. 11... 





Second ... 

... 722... 

... 13... 

... 1.8..,. 

.. 11.... 

...l.sf... 

....2.0.,.. 

...1.3 


Third. 

... 145... 

... 5... 

... 3.4_ 

.. 3.... 

.. .2.1 ) 



Total.. 

...First..... 

...7,729... 

...249... 

... 3.2. 

..282_ 

.. .3.7) 




Second ... 

...4,411... 

...113... 

... 2.6. 

..113.... 

...2.e}... 

...3.1.... 

.. .3.2 


Third. 

... 834... 

... 44... 

... 5.3. 

.. 18.... 

.. .2.2) 




♦ Types of bushings refer to different basic principles of bushing design. 


deterioration to a degree dependent on 
many factors such as duty in service, the 
elements, field servicing procedure, and 
faulty design. In the field testing of such 
insulation, by the methods described 
above, one of the immediate objectives is 
to determine, if possible, when the de¬ 
terioration has become serious enough 
to warrant attention. The fault may be 
just starting and not serious but can be 
economically cured without allowing it 
to develop into a service failure. Again 
it may be so serious that immediate at¬ 


tention or even prompt removal from 
service is necessary. 

Following this line of reasoning we have 
set up three classes of insulation as deter¬ 
mined from test results. These are: 

1. Good (G). No attention required. 

2. Deteriorated (D). Not as good as 
new but not requiring special servicing 
until the next periodic test is made to check 
its condition. 

3. Remove (R), Remove from service 
and recondition or scrap as conditions 
warrant. 


B. 


Table IV. Bushing Faults, Summary of 5*/s V**™ of Field Testing 

(May 1932 to October 1937) 


Test 


Number of 
Bushings Tested 


Defective 


Remove 


Number Per Cent 


Number Per Cent 


Power-Transformer Bushings (All kv ratings) 

First.... 7,720..._... 249. 

Second.4,411....,. 113. 

Third. 834.... 44. 


3.3. 
2.5. 

5.3. 


.113. 
. 18. 


3.7 

2.5 

2.2 


Total.12,974. 


406. 


. 3.1 average......413 

Power-Transformer Bushings (All kv ratings, excluding 15-kv and below) 

First............ 4,152.......... 198.. 48 

. . 2.«7. 84.8 W.'.'. . 67. 

Third ........... 443.. 36 . 7.9. 18. 

.- • ■ 7,072. 817. 4.6 average.277. 

Instrument-Transformer Bushings 


3,2 average 


.205. 4.9 

2.3 


First. 
Second. 
Third.., 


2,581. 

2,145... 

724... 


74.. .. 

70.. .. 

43.. .. 


2.9 . 

3.3... 

5.9 . 


97.. 

73.. 

41.. 


Total..,.. 5,450. 


D. 


.187....... 3.4 average.211. 


3.4 

3.9 average 

3.8 
3.4 
5.7 

3.9 average 


First:,....... 

Second...... .. 

Third.i.,.... 

Fourth....... 

... 8,076.... 
... 7,302.... 

6.564.. .. 

1.758.. .. 


.... 4.1. 

.... 3,9.. 

.... 6.1. 

.... 4.7. 

.187.'... 

.114.-,.. 

... 2.3 
... 1.6 
... 2.5 
... 2.2 

Total....... 

B. Spare Bushings 

First........ 

...23,700..;..1,100.... 

(All kv. ratings and types) 

... 1,084.......... 76 . 

... 4.7 average. 

... 7.0... ; 

.503. 

o a 

- • • 2.1 average 

Second......,, 

Third.... 

•••; . 

...1,089.;... 

..... 168.... 

...11.8...;;:;:::::: 

...13.1...,...,:..;. 


.. 7.9 
... 8.3 
..10.1 

Total_.... 

... 3,592. ... 

387. .. 

... 10.6 average 


.. 8.8 average 
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Conforming to this procedure for rating 
insulation we have set up for use in our 
company “the basic rating for insulation 
quality” (table III) for the different 
types of equipment tested. Power-factor 
limits are given in the upper part of the 
table and watt-loss values in the lower 
part. In general, the power factor of 
good (G) insulation is shown 3.5 to 4% 
or less; deteriorated (D) insulation 3.5 
to seven per cent; - and remove (R) in¬ 
sulation above five to seven per cent. 

Similarly, by the watts loss check the 
corresponding values range as follows: 
(G) 0.1 to 0.2 watt; (D) 0.1 to 0.5 watt; 
and (R) above 0.3 to 0.5 watt, again 
depending on the type of equipment 
tested. 

As the power factor of insulation 
changes considerably with temperature 
the above power factor values are cor¬ 
rected to 20 degrees centigrade. A typi¬ 
cal temperature power-factor correction 
airve for transformer insulation is shown 
in figure 5. The shaded area represents 
D insulation at various temperatures, 
which permits of ready allocation of in¬ 
sulation-test results obtained in the field. 
This set of curves was obtained from a 
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Table VI. Power-Transformer-Bushing Faults Segregated as to Voltage Rating; Summary of 

Four Years of Reid Testing 

(January 1934 to October 1937) 


AAVERA6E lightning 
It STORMS PER MONTH 


Average for 3 Tests 




Number of 

Defective 

Remove 



Bushing 


Bushings 




Per Cent 

Per Cent 

Kv 

Test 

Tested 

Number Per Cent 

Number 

Per Cent 

D 

R 

132. 

.. .First.... 

.... 278... 

.. 2.0.7.. 

... 2. 

...0.7) 




Second.. 

_ 209... 

0. 

... 0. 

.f. 

... 1.04.. 

...0.35 


Third.... 

.... 88... 

.. 4.4.5.. 

... 0. 

.) 



88. 

...First_ 

.... 108... 

.. 10.9.3.. 

... 9. 

...8.3) 




Second.. 

_ 68... 

.. 3.5.2.. 

... 2. 

...3.5 , 

... 7.7 .. 

....6.6 


Third.... 

_ 0... 



.) 



66. 

. ..First_ 

.... 719... 

..14. 1.9.. 

... 22. 

...3.1) 




Second.. 

- 629... 

.. 8. 1.6.. 

... 6. 

...0.9 V. 

... 1.8 .. 

....2.2 


Third.... 

.... 0... 



.) 



44..... 

.. .First.... 

.... 744... 

.. 80.10.8.. 

... 64. 

...8.6) 




Second.. 

_ 166... 

.. 16.10.2.. 

... 8. 

...5.1 [. 

....10.7 .. 

....8.0 


Third.... 

.... 0... 



.5 



33. 

.. .First , *. 

.... 1,490... 

.. 63.4.2.. 

... 78. 

.. .5.2) 




Second.. 

_ 866... 

.. 17.2.0.. 

... 28. 

...3.3 V. 

.... 4.2 .. 

....4.5 


Third.... 

.... 336... 

.. 31. 9.2.. 

... 15. 

...4.5) 



22. 

.. .First_ 

.... 909... 

.. 29. 3.2.. 

... 29. 

.. .3.2 ) 




Second.. 

_ 669... 

.. 40...... 6.3.. 

14. 

...2.5 V. 

.... 4.4 

....3.0 


Third.... 

.... 0... 



.) 



16 and less... 

.. .First_ 

.. ..3,477... 

.. 51. 1.6.. 

... 78. 

.. .2.2) 




Second.. 

....2,034... 

.. 29. 1.4 .. 

... 56. 

...2.7V> 

.... 1.5 .. 

....2.3 


Third.... 

.... 391... 

.. 9. 2.3.. 

... 3. 

...0.8) 



Total. 

.. .First.... 

,...7,726... 

..249...... 3.2.. 

...282. 

...3.7) 




Second.. 

....4,411... 

..113. 2.6., 

...113. 

...2.5 V. 

.... 3.1 .. 

....3.2 


Third,... 

.... 816... 

.. 44. 5,4.. 

... 18. 

...2.2) 




'PER CENT OF - 
•YEARLY TOTAL 
p| BUSHING I 
[ FAILURES 


k tc > 

s % i 


3 £j O O UJ 

< 3$ O JE O 


number of tests on actual transformers in 
service tested at several different oil 
temperatures, and represents the envelope 
of power factors of transformers rated 

CD)• 

In applying in the field the basic in¬ 
sulation ratings given in table III, con¬ 
siderable latitude is given the field-test 
engineer in assigning ratings where un¬ 
usual or climatic conditions warrant. 
Important equipment, or comparatively 
wide variation in test values between 
similar pieces of equipment cause him, in 
some cases, to lower the limits given in 
the table. Again moist weather condi¬ 
tions and the like will sometimes cause 
him to boost the tabulated values 
slightly. Since the test engineer has 
been specially trained for this work, and 
is thoroughly acquainted with the prob¬ 
lem, we believe the latitude permitted 
him in applying ratings is more than 
justified, and is far better than hewing 
•close to an inflexible set of limits. Ac¬ 
tual experience has borne out this policy. 

VI. Test Results 

The fidd test results summarized and 
discussed below include some S 1 /* years 
of testing oil circuit breakers and four 
years of testing on transformers. Most 
of the breakers have had three periodic 
tests and some four tests; the instrument 
transformers two such tests, and die 
third is now being made; and the power 
transformers have had one test, some 
two, and a few three tests. In the follow¬ 
ing tables the designation “first,” “sec¬ 


ond,” and “third” test refer to the above 
periodic routine tests. For purposes of 
clarity the data have been generally 
segregated into and discussed under 
three groups: bushings, transformer 
windings, and internal faults for oil cir¬ 
cuit breakers. 

Bushing Faults 

The summary of faults found in making 
over 45,000 individual tests on bushings 
is given in table IV. Bushings in power 


Figure 6. Bushing failures versus lightning 
frequency, 1932-37 

transformers average, for the three 
periodic tests, 3.2 per cent rated for re¬ 
moval (R); in instrument transformers 
3.9 per cent; in oil circuit breakers (for 
four tests) 2.1 per cent; and in spare 
bushings 8.8 per cent. Bushings rated 
defective (D), but not sufficiently bad to 
be removed from service average for the 
same conditions and locations 3.1 per 
cent, 3.4 per cent, 4.7 per cent, and 10.6 
per cent, respectively. One point of 
interest in the foregoing figures is the 
fact that (D) and (R) faults are roughly 
of the same order of magnitude except 
for oil-circuit-breaker bushings where the- 
(D) faults are slightly over twice the 


Table VII. Power-Transformer-Winding Faults Segregated as to Kilovolts Rating; Summary of 

Four Years of Field Testing 

(January 1934 to October 1937) 


Transformer 

Kv 


Number of Defective Remove 

Transformers *-s-----— 

Tested Number Per Cent Number Per Cent 


Average for 3 Tests 

Percent PerCent 
D R 


132...... 

. . First. 

_ 179.... 

.. 7..., 

.. 3.9... 

... 1... 

...0.58) 




Second.., 

..... 133.... 

.. 7.... 

... 5.3... 

... 0... 

...0 

.... 4.6 .. 

...0.27 


Third.... 


... 3..., 

4.6... 

... 0... 

...0 ) 



88 ...... 

. .First- 

. 52.... 

.. 8... 

...15.2.,, 

.... 0... 

...0 > 




Second .. 

..... 25.... 

.. 5... 

...20.0.., 

.... 0... 

...0 

.,..16,9... 

...0 


Third 

0 .... 







66 ...... 

. .First.... 


., 26.,. 

... 8.8.. 

.... 5... 

...1.7 ) 




Second., 

_ 227.... 

.. 20. 

... 8.8.. 

,...7... 

...3.1 

.... 8.8.... 

...2.3 


'Third . , 

..... 0.... 




.. ) 



44...... 

. .First.,,. 

..... 338.... 

.... 66... 

...19.5.. 

....9... 

...2.6 ) 




Second,. 


,12... 

...17.1.. 

.... 0... 


....19,1.., 

,.,2.2 , 


Third..;. 

..0;,,. 







33... 

..First.... 

..... 634 ... 

...107... 

...17.0.. 

....28... 

...4.5 ) 




Second.. 

..... 344.,.. 

...76... 

...22.0., 

....21... 

,...6.1 V.. 

,.. .19,5 ,, 

...5.0 


Third.... 


,.. 34 ... 

...26.0.. 

...7... 

...5.3 ) 



22 . 

, vFirst..... 

...... 326... 

... 86... 

...20.2.. 

.... 0.. 

....2.8 ) 




Second .. 

..... 189,.. 

.. . 47... 

...24.8,. 

.... 6... 

....3.2 V., 

.,.22.0... 

, .2.9 


Third,... 

..... 0..,. 




....... ) 



15 aod below . 

,, First.... 


... 11... 

...13.3.. 

.,..3.. 

....3.6 ) 




Second.. 


... 6... 

. . .15.4.. 

.... 1.. 

-'2.6 „ 


...3.2 


: Third...;, 

is;.. 

.... i..> 

... 7.7 .. 

.... 0.. 

....0 ) 



. Total ..... 

..First... 


...291... 

...15.2,. 

....55.. 

....2.9 ) 




Second,. 


.,.173;., 

,...17.0.. 

_35.. 

...3,4 }. 

.....16;1.. 

....3.1 


Third... 

...... 209... 

... 39... 

,...18.6.. 

.... 7.. 

. . . .3.4 ) 
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(J£’s)* It is suggested that this higher 
ratio of {D) to (R) faults in oil circuit 
breakers may be due to slight deposits of 
carbon at the bottom end of breaker 
bushings as a result of arc interruption, 
and that usually the bushing is freed of 
the fault in normal breaker maintenance 
before the fault develops to an (R) con¬ 
dition. 

Another point of interest shown in 
table IV is that total faults, both (D) and 
(R), do not progressively increase or de¬ 
crease in any of the bushing groups from 
the first test period to the second, third, 
or fourth test. This clearly indicates 
that bushing deterioration is gradually 
taking place, and that removal of faulty 
bushing during one test period does not 
preclude bushing faults developing before 
the next test period some \ l / 2 years or so 
later. In fact bushings rated (R) on the 
second, third, and fourth tests have often 
been found (G) or good on the previous 
test; all (R) bushings have not progressed 
from a previously found (D) fault. 

The high percentage of faulty bushings 
in the spare group is due to two causes: 
first, the fact that some bushings known 
to be faulty and ready for the process of 
reservicing were included in this group; 
and second, normal storage methods 
generally used for spare bushings is not 
particularly helpful in retaining such 
bushings in first class conditions. 

A further analysis of power transformer 
bushing faults according to bushing type 
is given in table V. The data represent 
’some 13,000 tests on bushings. The (D) 
conditions range from 0.8 per cent to 
8.7 per cent and the (R) faults from 0.9 
per cent to 5.5 per cent on the average 
for all three periodic tests. Here again 
no well-defined tendency is shown for the 
faults to decrease, stay constant, or in- 



Table VIII. Internal Faults in Equipment 

(May 1932 to October 1937) 


Test 


Number of 
Transformers 

Tested Number 


Defective 


Remove 


Average for 3 Tests 


Winding Faults—Power Transformers 

First.1,908.291.. 

Second.1,027.173.. 

Third. 209. 39.. 


Winding Faults—Instrument Transformers 


First. 

.1,502.... 

.1,283.... 

....451 

Second...., 

....497 

Third. 

- 407.... 

....163 


Per Cent 

Number 

Per Cent 

D 

R 

..15.2.... 

.... 55.... 

....2.9 ) 



..17.0.... 

.... 35.... 

-3.4 f .... 

....16.0.... 

.3.1 

..18.6.... 

.... 7.... 

....3.4 ' 



..30.1.... 

....113.... 

.,..7.5 J 



..38.6.... 

.... 98.... 

-7.6 ^ .... 

...35.0.... 

.. ..7.8 

..40.1_ 

.... 36.... 

.... 8.9 ) 




Tank Faults—Oil Circuit Breakers 


22 33 44 66 m 

SYSTEM KILOVOLTS (RMS PHASE TO PHASE) 

Figure 7. Effect of transformer kilovolts on 
power-transformer-winding faults (R) conser- 
vator and nonconservator type; 110 bankr 
(440 transformers) 
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Test 


Number 

OCB*8 


Defective 


Remove 


Average for 4 Tests 


Tested* Number Per Cent Number Per Cent Pcr I) Ce,lt Percent 


First. 

.1,346.... 

♦...304.... 

.... 7.5.,.. 

... 65_ 

....16 

Second.... 


.,..178.... 

... 4.9.... 

... 67_ 

....16 

Third. 


....210. 

.... 6.4. 

_ 67_ 

... .2.1 

Fourth. 

. 293.... 

.... 41. 

.... 4.7. 

... 10.... 

....1.1 


6.2.1.7 


* Multiply by three to obtain number of tanks. 

crease with each successive test, in any 
particular type of bushing. It should be 
definitely pointed out that the data pre¬ 
sented in this table should not be con¬ 
strued or interpreted as a quality index of 
bushings manufactured today. It does 
indicate, however, the frequency and 
severity of faults on all bus hin gs as a 
group on the system involved, and shows 
clearly where maintenance work should 
be concentrated to reduce bushing fail¬ 
ures. 

The power-transformer-bushing faults 
have further been segregated as to volt¬ 
age class in table VI. The high-voltage 
132-kv bushings show the lowest per¬ 
centage of faults, the 66-kv and 13.2-kv 
class next lowest and the medium-voltage 
group the highest. The rather high 
percentage of faults shown for 88-kv bush¬ 
ings is due largely to the fact that most 
of these bushings are of old and obsolete 
designs. 

Bushing Failures 

It is unfortunate that accurate records 
are uot available to show the decrease in 
bushing failures over the system before 
and after the test program was adopted. 
However, from the rather scattered rec¬ 
ords available from 1932 to 1937, it is 
interesting to note how closely the fre¬ 
quency of bushing failure and lightning 
storms coincide throughout the year. 
Such a correlation is shown in figure 6. 
Except for the first three months of the 
year failures and storms practically in¬ 
crease and decrease together. The rela¬ 
tively high rate of bushing failures in the 
first three motithsdias been attributed to 
weather conditions wherein maximum 
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temperature changes exist, frequently as¬ 
sociated with the presence of moisture 
which is an ideal combination of cir¬ 
cumstances to open up weak bushing 
gaskets and permit the entrance of mois¬ 
ture into the bushing. In fact the major 
number of bushing failures appear to re¬ 
sult from the presence of moisture within 
the bushing. 

Internal and Winding Faults 

Faults found in windings in some 2,000 
tests of power transformers are shown in 
summary form in table VII. The faulty 
conditions have been grouped under 
transformer voltage rating and further 
broken down to show the trend of faults 
from one test period to the next. Like 
the transformer bushings, the winding 
faults are lowest in the high-voltage wind¬ 
ings, lower but still high in the low- 
voltage class, and highest in the medium- 
voltage ratings. While the (£) faults are 
in the same general order as bushings, it 
should be noted the (D) faults are much 
higher, ranging from 4.5 to 22.0 per cent 
Again, there is no characteristic trend to* 
prevent the occurrence of faults in other 
transformers of the group from one test 
period to another, although the faulty 
conditions found have been removed 
prior to the next test 
Internal faults in instrument trans¬ 
formers and in oil-circuit-breaker tanlro. 
are shown in table VIII, together with a 
condensed summary of power transformer 
winding faults given in more detail in 
table VII. One important fact, which 
correlates with the failure operating rec¬ 
ord, is the high percentage of (R) and 
(D) faults shown in instrument trans- 
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former windings, namely 7.8 and 35.0 
per cent average for three tests. 

Faults in oil circuit breakers show low 
(i?) conditions and fairly high (D) per¬ 
centages. This may be explained in 
part, at least, by the more frequent serv¬ 
icing of oil circuit breakers than trans¬ 
formers. Although the (D) faults are 
high they are apparently removed by 
sufficiently frequent periodic servicing 
before they develop into (R) faults. 

Transformers in Service and Spares 

An analysis of power-transformer¬ 
winding faults on the basis of transformer 
voltage and age is shown in figures 7 and 
8. These data were taken from con¬ 
servator and free-breathing single-phase 
transformers operated in banks of three 
units with one spare. So long as the 



Figure 8. Effect of transformer age on power- 
transformer-winding faults (R) conservator and 
aonconservator type; 110 banks (440 trans¬ 
formers) 


creases as the voltage increases. On the 
basis of age, the spare units show a large 
increase in percentage of (R) faults after 
some six years, showing some 25 to 50 
per cent faulty units in the age range from 
15 to 20 years. Most of these spare units 
have from the start been held as spares 
and only put in service as occasion re¬ 
quired. 

Faulty Gaskets 

Faulty and deteriorated gaskets have 
generally been recognized as one of the 
major sources of bushing troubles. Some 
information has been collected in the field 
on this gasket problem along with the 
power-factor test work and is presented 
here. 

Figure 9 shows the condition of some 
376 bushing gaskets physically inspected 
in the field on compound filled bushings. 
These have been rated (G), (D), and (R) 
with the same understanding as to termi¬ 
nology as applied to bushing faults. It 
will be noted that after some five years, 
the gaskets begin to grow faulty at an 
alarming rate. At the end of some 15 
years, 60 per cent of the gaskets are in an 
(R) condition and 30 per cent in a (D) 
condition. Such a record as this leads us 
to believe that the older type of cork, at 
least, should not be depended upon in 
compound filled bushings much longer 
than five to seven years at the most. 

Summary of Power-Factor 
Tests on Oil Circuit Breakers 
and Transformers 
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Figure 9. Faulty cork gaskets in compound- 
filled bushings found by physical inspection; 
376 gaskets inspected 


and second, instrument-transformer bush¬ 
ings have .1.84 times as many similar 
faults. The (D) faults are shown, on the 
same basis, as 0.66 and 0.72 times those 
in oil circuit breakers, respectively. 

An analysis of internal faults (R) shows 
ratios of 1.95 and 4.8 for power-transfor¬ 
mer and instrument-transformer wind¬ 
ings, respectively, compared with oil- 
circuit-breaker-tank faults. The cor¬ 
responding ratios for (D) faults are 2.6 
and 5.6. A study of this table IX indi¬ 
cates clearly where the highest per¬ 
centage of faults exist. 


transformers are in service both types in¬ 
dicate relatively few (R) conditions ir¬ 
respective of voltage rating; but the (R) 
conditions slowly increase with trans¬ 
former age. 

In the spare units, however, a high per¬ 
centage of (R) conditions is indicated in 
the 13.2-kv class which drops abruptly 
in the 22-kv class and then slowly de¬ 


A composite summary -of oil circuit 
breakers and transformers tested and the 
average number of faults found during the 
5 l A years of testing is given in table IX. 
Several interesting points are brought 
out in the tabulation: First it is shown 
that there are 1.52 times as many faulty 
(R) conditions in power-transformer bush¬ 


Fault Distribution by Companies 

As the data of fault conditions of in¬ 
sulation presented above were obtained 
from six different companies, operating in 
different sections of the country, under 
different climating conditions, and vari¬ 
ous requirements, the question may well 
be asked: “How do the fault conditions 
compare between the different com¬ 
panies?” A comparison of results on 
this basis is given in table X. Of the 
some 60,000 tests reported above, the 
(D) faults ranged from 3.0 to 8.3 per 
cent, averaging 6.7 per cent; and the (R) 
faults ranged from 0.8 to 3.5 per cent, 
averaging 2.8 per cent. 

It is therefore evident that faulty in¬ 
sulation conditions, both (D) and (JR) 
faults run in the same general order in all 
six companies except company (F). 
In this one case it is known that new 
equipment and a large concentration of 
the tested equipment in power stations, 
where maintenance is inherently closely 
watched, seems to account for the lower 
fault record. 
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ings as in oil-circuit-breaker bushings, 


Table IX. Summary of All Equipment Power-Factor Tested 

(May 1932 to October 1937) 



Number of 
Tests 

Defective 

Remove 

Equipment Tested 

Number 

Per Cent 

Number 

Per Cent 


. 3,950 






.11,850_ 

. 733. 

... 6.2.... 

. 199.... 

....1.6 


23,700.... 

. 1,100 . 

...4.7.... 


.... 2.1 

Sawat Trinif AfflilfilS.......... 

..._3,144 






....... 3,144.... 


...16.0.... 


.... 3.1 

RiteliS noB .......... 

.12,974.,.. 


...3.1.... 

.413.... 

.... 3.2 


410.... 

. 125..... 

...30,5.... 

. 82.... 

...20.0 

Spares in storage**. ...... 

Instrument Transf ormers . 

Windings*. ...... i ....... 

Spares in storage**. 

....... 3,192 

.. 3,192..., 

. 6,450.... 

242..., 

.....1,111...., 
..... 187..:., 
. 51...., 

... .34.8 .... 
;... 3.4.... 
....21.0.... 

.....211.... 
....: 48.... 

.... 7.7 
....3.9 
....19.8 


* All windings of a transformer classed as os* winding. 

** Rating based on over-all condition—winding and bushings. 
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Table X. Summary of Power-Factor Tests in All Companies 

(Including Oil Circuit Breakers, Transformers, and Bushings) 
(May 1932 to October 1937) 


Total Tests—bushings, oil 
circuit breakers, tanks 

and transformers. 

Number of equipment: 

Rated D . 

Per cent rated D . 

Number of equipment: 

Rated R . 

Per cent rated R . 

Number of equipment: 

Rated G . 

Per cent rated G . 


..18,911 ... 6,347 ... 2,925 ... 8,618 ...19,829 ... 3,685 ...60,315 

.. 1,580 ... 508 ... 173 ... 694 ... 976 ... 110 ... 4,041 

8.3.. . 8.0... 5.9... 8.1... 4.9... 3.0... 6.7 

.. 613 ... 155 ... 101 ... 250 ... 523 ... 29 ... 1,671 

3.2.. . 2.4... 3.5... 2.9... 2.6... 0.8... 2.8 

..16,718 ... 5,684 ... 2,651 ... 7,674 ...18,330 ... 3,546 ...54,603 
88.5... 89.6... 90.6... 89.0... 92.5... 96.2... 90.5 



H. L. Cole (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross has made a valuable contribution 
to the art of power-factor testing in pre¬ 
senting the large amount of data given in 
the paper. This is particularly true with 
respect to tests on terminal bushings. The 
value of power-factor testing of bushings 
is well established. 

In connection with the table of “basic 
rating for insulation quality,” it is noted 
that a correction is made to bring the meas¬ 
ured values to an equivalent 20-degree- 
centigrade figure. It is thus recognized 
that temperature plays an important part 
in the rating of the insulation. 


Equipment found good (G) ranged from 
89.0 to 96.2 per cent with an average for 
all six companies of 90.5 per cent. 

VDI. Summary and Conclusions 

From the data presented above, and 
other related testing work carried on in 
the field during the past six years, the 
following conclusions appear justified: 

1* The power-factor test method of deter¬ 
mining the insulation quality of high-voltage 
equipment in the field has proved a most 
useful and practical tool in permitting a 
higher grade of apparatus maintenance and 
in reducing service failure of such equip¬ 
ment. ... 

2. The type of power-factor test set which 
has been used has proved an accurate, 
rugged, and reliable instrument in use. 
The particular features of this set which 
permit of direct reading of current and 
watts loss have been particularly helpful 
in locating faults in equipment shown 
defective by the over-all power factor deter¬ 
mination. 

3. It is considered highly desirable, for 
best results, that the test set be placed in 
the hands of a thoroughly trained experi¬ 
enced test man who is familiar with the 
insulation problem, and one who has con¬ 
siderable knowledge Of equipment design, 
maintenance and operation. 

4. Insulation faults develop in all types 
of equipment such as bushings, transform¬ 
ers, wood insulation, and oil regardless of 
equipment design as it exists today. These 
faults may develop critically within test 
period intervals of 18 months to two years, 
as shown by the experience cited above,' 
and appear, in a few cases, to develop to a 
lesser degree in a shorter period of time. 
Periodic testing, therefore, is necessary if 
a high standard of insulation is to be main¬ 
tained. 


after which constant periodic checking, or 
testing, seems desirable if critical faults are 
to be minimized. 

7. Most faulty equipment so far found can 
be reconditioned with a reasonable amount 
of labor and expense, and many costly 
failures thus avoided, if prompt attention 
is given to (. R ) faults. 

8. The classification of insulation faults on 
a power factor and/or watts loss basis as 
given in table III above, and servicing them 
on this basis has proved a reasonable and 
practical method of greatly reducing service 
failures on the equipment tested. 

9. Insulation faults requiring prompt at¬ 

tention, which develop under service con¬ 
ditions in oil circuit breakers and trans¬ 
formers, as found by our experience, range, 
on the average over several years, as follows: 
Oil circuit breakers, in¬ 
cluding bushings.1.6 to 2.1 per cent 

Power - transformer 
windings, including 

bushings.3.1 to 3.2 per cent 

Instrument transformer 
windings, including 

busings., 3.9 to 7.7 per cent 

Bushings in the above 
three items...........2.1 to 3.9 per cent 

10. The economic value of this test work 
in system maintenance is unquestionable 
although it is difficult to express the savings 
effected in money value done. 
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For several years we have recommended 
lower power-factor limits for bushings 
operating in hot oil, as on power and dis¬ 
tribution transformers. For instrument 
transformers and breakers, somewhat higher 
limits are safe. I believe that a basic rating 
should make a distinction between bush¬ 
ings operating in hot oil and those in oil at 
ambient temperature. 


L. Wetherill (General Electric Company, 
Pittsfield, Mass.): This paper brings out 
the advantages of having power-factor 
tests made by men who are well qualified to 
exercise judgment in the interpretation of 
data obtained in the field, making it pos¬ 
sible to take immediate action and avoiding 
the necessity for rigid adherence to a system 
of arbitrary limits. We believe that the ac¬ 
ceptance of this viewpoint is one of the 
reasons why satisfactory results have been 
obtained from field power-factor tests on 
bus h i n gs, and doubtless it will prove even 
more beneficial in connection with other 
types of apparatus in which the designs are 
less standardized. 

A question is raised regarding the theo¬ 
retical justification for power-factor tests 
made on fibrous materials, such as insulat¬ 
ing cylinders, between electrodes placed 
three inches apart on the outside surface. 
Our experience has been that measurements 
of this nature offer a particularly sensitive 
method of detecting the presence of mois¬ 
ture. It would seem that a very small trace 
of moisture present in fibrous or laminated 
materials tends to produce a marked 
change in electrical loss characteristics when 
the stress is applied parallel to the lamina¬ 
tions. If we were dealing with large 
masses of insulation it would be found that 
the power-factor measurement obtained 
with the voltage applied parallel to the 
laminations would be the most sensitive 
method of detecting small traces of mois¬ 
ture. In materials such as cylinders, it 
is rather difficult to make a power-factor 
test in which the stress is entirely parallel to 
the laminations, since a test between the 


5. Critical insulation faults found on 
successive tests are not always develop¬ 
ments of (D) conditions found on the pre¬ 
vious test; they often appear in equipment 
that previously tested good (G). 

6. Faulty insulation is less frequent in new 
equipment, but may be expected to develop 
to a degree warranting some concern within 
a period not longer than some five years, 
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capacitance to mask the power factor of the 
cylinder. The method of test used by Mr. 
Gross, namely, the application of voltage 
between the electrodes placed three inches 
apart on the outside of the cylinder, ap¬ 
pears to be the most practical method of 
making a test in which the stress is applied 
principally parallel to the laminations. It 
would seem, therefore, that there is ade¬ 
quate theoretical justification for the use of 
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this test in addition to the support which 
has been afforded by practical experi¬ 
ence. 

The curves of figure 6 showing the cor¬ 
relation between failures and lightning 
storms is quite interesting, but the dis¬ 
agreement of the two curves during the 
early part of the year suggests that it might 
be well to examine the correlation between 
failures and humidity or precipitation. We 
have known for some time that moisture 
and lightning were the chief causes of fail¬ 
ure, but the curves of figure 6 seem to sug¬ 
gest that both factors in combination are 
involved in the majority of cases. 

Mr. Gross states that the data in his 
paper are not representative of the bushings 
which are now being manufactured. A 
lapse of five to seven years is required 
before field-test data and experience ob¬ 
tained on a given design begin to acquire 
great significance. I believe, however, that 
evidence obtained from developmental 
tests gives us excellent reason for believing 
that bushings as now manufactured, will in 
most cases be found markedly superior to 
those which were manufactured in past 
years before the present extensive body of 
field experience was accumulated. 


L. B. Chubbuck (Canadian Westinghouse 
Company, Hamilton, Ont.): Our company 
apply routine power-factor tests to all new 
high-voltage bushings and have carried out 
extensive field power-factor tests across 
Canada. We fully agree with Mr. Gross as 
to the value of field testing, and have found 
may cases of apparatus showing poor power 
factor that after cleaning or other minor 
repairs returned to good operating condition. 

During this discussion the point was 
raised as to whether power-factor tests on 
high-voltage apparatus should not be made 
at operating voltage, rather than at ap¬ 
proximately 10,000 volts. We have 
equipped a power-factor bridge with an ex¬ 
ternal condenser of 160 micromicrofarads 
designed for 100 kv at atmospheric pres¬ 
sure, and up to 187 kv with increased pres¬ 
sure. Due to ionization losses we find power 
factors obtained with the high-voltage 
bridge usually run considerably higher than 
with the standard bridge. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): In making use of 
field power-factor data obtained on trans¬ 
formers Mr. Gross is exploring a field in 
which the complexity and difficulties will 
undoubtedly be considerably greater and 
more numerous than those which were en¬ 
countered when the use of field power-factor 
measurements on bushings and circuit 
breakers was being developed. The greater 
variety of types and designs of transformers 
will necessarily make the interpretation of 
the data a task which will call for a high 
degree of judgment, and it appears that Mr. 
Gross is making the right approach in this 
matter. 

It would appear that the usefulness of 
field power-factor measurements on trans¬ 
formers can only be established by the 
creation of a considerable quantity of 
operating experiences and test data judi¬ 
ciously interpreted. The information given 
in this paper should prove significant and 
suggestive, both to operators and to manu¬ 
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facturers. We would like to raise a number 
of additional questions which Mr. Gross 
may be in a position to answer. 

1. In tables VII, VIII, and IX data are 
shown regarding the number (or percent¬ 
age) of power-transformer windings which 
were deemed to be in a condition requiring 
removal from service. It would be desirable 
to know whether or not subsequent examina¬ 
tion verified the presence of definitely un¬ 
desirable conditions in approximately all 
of these cases or if there was an appreciable 
number of cases in which subsequent ex¬ 
amination disclosed no defect. 

2. In cases where definite defects in 
transformers windings were found after 
removal from service, is it possible to indi¬ 
cate the approximate proportion of cases of 
undesirable conditions falling into the 
following classes? 

A . Presence of water in insulating oil. 

B. Presence of water in solid insulating materials. 

C. Deterioration of oil. 

D. Deterioration of solid insulating materials. 

E. Failure or breakdown. 

3. Were there any other major causes of 
defects not covered by the previous ques¬ 
tion? 

4. In the case of transformers removed 
from service, was it found possible to carry 
out a reconditioning permitting them to be 
restored to operation, and if so, what type of 
reconditioning was used? 

6. In how many cases were repairs 
necessary other than reconditioning men¬ 
tioned in (4)? 

6. Table IX indicates a higher per¬ 
centage of transformers for which removal 
was recommended under spares than under 
active units. Were the types of unsatis¬ 
factory conditions found in the spare units 
essentially the same as those found in the 
active units, or was there a greater pre¬ 
ponderance of a different type of unsatis¬ 
factory condition in the spare units as com¬ 
pared with the active units? Were spares 
modern transformers or old transformers? 

It is, of course, well known that high 
power factor does not always mean low di¬ 
electric strength of insulating materials. 
For any given material or configuration 
there are, however, normal power-factor 
characteristics, and any wide deviation from 
these normal characteristics is indicative of 
some physical change which usually deserves 
investigation, and quite possibly correction. 
Increases in power factor may be caused by 
chemical contamination, oxidation of oil, or 
by absorption of moisture. For many types 
of apparatus it would appear that operating 
experience has shown that appreciable in¬ 
creases in power factor are usually related 
to the third of the three causes listed above. 
This would appear to be a sound justifica¬ 
tion for the use of field power-factor testing, 
when, as recommended by Mr. Gross, 
adequate judgment is exercised in interpre¬ 
tation of the data. 

It would be interesting to know if Mr. 
Gross during his investigation has had an 
opportunity to obtain any relative power 
factors on a given transformer or trans¬ 
formers. Our experience in measuring, in¬ 
sulation resistance of transformer windings 
leads us to believe that, when working with 
insulation structures having such a variety 
of configurations, relative power factors may 
be more valuable than actual values. 
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We are in sympathy with any method 
which aids in detecting incipient faults in 
transformers. At the present time power 
factor measurement appears to give promise, 
although it will need to be developed with 
considerable care in order to avoid the pos¬ 
sibility of drawing false inferences by com¬ 
parison of readings obtained on units of 
different design and characteristics. 


Harold Goodwin, Jr. (Wyncote, Pa.): The 
paper is very valuable in making known the 
results of a large number of tests on par¬ 
ticular types of insulation by a particular 
method. The factors obtained can be used 
in further practical applications of the 
method. But the mere presentation of the 
results raises in the mind the questions: 
"Why?” "How does the current flow to 
give the results indicated by the instru¬ 
ments?” The oral discussion and the con¬ 
tributions by some specialists on cable also 
indicated these questions. The cable 
specialists might join in the search very 
diligently as they may get some help for 
their problems from the solution of the bush¬ 
ing problem,. just as I hope the bushing 
specialists may get some help from the 
telephone engineers, as I shall point out 
below. 

Compound-filled bushings which have 
failed in service or which have tested de¬ 
fective and been removed and tested to de¬ 
struction have, from my observation, 
generally indicated one basic type of failure: 
the compound has tended to separate from 
the porcelain rain shield, leaving a fissure 
that is likely to be somewhat conducting due 
to dampness or carbonization. But until 
final failure is closely approached there is 
not a complete path from one pole to the 
other. There is rarely a direct short path 
at the point of maximum stress or elsewhere. 
If this is so: what causes the increase in 
watts loss and power factor in the bushing 
with the incipient defect? 

A theory developed by the writer in 1930 
to explain the observed results was, very 
briefly, this: The moist fissure between 
the compound and the porcelain acts as the 
plate of a condenser with the conductor the 
other plate. Therefore the bushing draws 
more current than a good bushing. But 
why has the power factor also increased? 
This is due to the resistance of the condenser 
plate itself, the moist fissure. The energy 
is not then lost throughout the bushing in¬ 
sulation but only in the fissure. The current 
flowing to the far part of the fissure must 
flow through the resistance of the near part 
of the fissure connecting it to a terminal. 

The probability of the correctness of this 
theory was shortly confirmed by the pres¬ 
entation to the Institute of a paper on tele¬ 
phone insulators showing exact studies of 
a similar phenomenon. This paper by 
L. T. Wilson of the American Telephone and 
Telegraph Company is entitled: "A Study 
of Telephone Line Insulators,” and can be 
found on page 1536 et sec . of the Transac¬ 
tions for 1930. The paper should be 
studied by anyone interested in this sub¬ 
ject. I shall not try to review it here but 
want to point out that the loss here con¬ 
sidered is just one of seven discussed in this 
paper, and—this is most interesting—some 
of the other losses seem to have a close re¬ 
semblance to losses that are oecomng in oil- 
filled bushings and which cannot be nc- 
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counted for by the theory set forth above. 
This telephone-insulator paper is also recom¬ 
mended to the cable specialists as similar 
theory may be helpful in explaining some 
things that are now rather obscure. 

A most interesting thing about the theory 
set out above and the further results of the 
telephone insulator study is the indication 
that the power-factor method detects a 
failure or defect by observation of factors 
that are incidental to the development of the 
final fault rather than by measurement of 
the degree of final failure which may yet 
be almost infinitesimal. In cases where 
this is so, it is logical to conclude that the 
apparatus may be much more safely re¬ 
conditioned without reinsulation than if the 
final fault had proceeded to measurable 
proportions. 

Since no exact work, similar to that on the 
telephone insulators, has to my knowledge 
been done on the subjects of this paper, 
bushings and transformer windings, I shall 
not go to further length to expound this 
theory, but present it for those particularly 
interested to take up, test and present to us 
in complete and verified form. 


G. B. Tebo (Hydro-Electric Power Com¬ 
mission of Ontario, Toronto, Ont., Canada): 
Mr. Gross has added materially to the 
already extensive records of power-factor 
tests on insulation, and has reached con¬ 
clusions similar to those previously re¬ 
ported. The grand total of 60,000 tests 
appears to lend some weight to these con¬ 
clusions but the absence of any data to 
show reduction in failures due to power- 
factor tests is rather disappointing. 

There still appears a need for more critical 
discussion of the significance of power factor 
in rating the serviceability of an insulation. 
It can be shown that a bushing may be on 
the verge of failure without appreciable 
increase in energy loss or power factor; also 
that a substantial increase in power factor 
can be obtained without any increased 
hazard. In table III Mr. Gross recommends 
removal of any bushing having more than 
0.5 watt loss at 10 kv. It is evident that a 
loss of 0.5 watt, per se, is not hazardous in a 
bushing weighing several hundred pounds. 
Some distinction should be made between 
energy losses uniformly distributed through¬ 
out a bushing, and those which cause serious 
disturbance in potential gradient and conse¬ 
quent overstress on the remaining good in¬ 
sulation. 

The "hot collar” test referred to, was used 
by the writer in 1936, and as Mr. Gross 
points out, it is distinctly superior to the 
over-all power-factor test. Such faults as 
cracked and porous porcelains, entrapped 
water, etc., may be located by a “step-by- 
step” test but may not affect the over-all 
power factor appreciably. 

The advantages claimed for the “hot col¬ 
lar” test are still restricted by the low test 
voltage (10 kv), the complex testing equip¬ 
ment and the necessity for interruptions on 
all equipment tested. Mr. Gross stresses 
the need for employing specialists in power- 
factor testing and interpretation of results. 
Such requirements may be related to the 
complexity of the testing technique. 

^ The potential-gradient test (described in 
Electrical World, May 8, 1937) was de¬ 
veloped to utilize the advantages of a step- 
by-step procedure and at the same time to 
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provide a simplicity of equipment and tech¬ 
nique comparable with that used in live-line 
insulator testing. During the past two 
years, the potential gradient test has been 
applied to about 2,500 bushings operating 
at 10 kv to 220 kv. Annual failures in this 
group have been reduced from an average of 
15 in 1935 and 1936 to two in 1937 and none 
in 1938. Both bushings which failed in 1937 
were abnormal when tested, but failed be¬ 
fore removal. 

Having thus practically eliminated fail¬ 
ures of bushings by means of an annual 
live-line test, there appears little justifica¬ 
tion for tests to disclose defective lift rods, 
inferior oil, etc., which faults are detectable 
by the present visual inspection and oil test¬ 
ing schedules. 

Considering the wide variations in power 
factor of the various material used for trans¬ 
former-winding insulation, an attempt to 
rate the serviceability of the over-all in¬ 
sulation in terms of power factor seems 
rather arbitrary. It would be interesting to 
know how many of the 345 transformers 
showing power factors calling for “removal” 
were actually removed, and what faults 
subsequent inspection disclosed. 


E. J. Rutan (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): A 
study of the tables in this paper indicates 
that the limiting values of power factor 
selected for the different pieces of equip¬ 
ment can only be arrived at by the accumu¬ 
lation of considerable data. From several 
of the discussions which have already been 
presented, it would seem desirable to call 
attention to the fact that these tests have, 
in general, been made at less than rated 
voltage. The author's results do show when 
using the limits selected improvements in 
the condition of equipment classed as de¬ 
fective have resulted from overhauling. It 
does not follow, however, that the tests as 
at present conducted are giving the best clue 
to possible defects. 

I think we can justify this statement from 
experience in dielectric tests of cable and 
other apparatus. In cable testing, the exist¬ 
ence of ionization causes a very material dif¬ 
ference in the power-factor readings ob¬ 
tained. In the Consolidated Edison Com¬ 
pany over the past few years, we have been 
doing considerable work on certain pieces of 
high-voltage apparatus and insulators to 
detect what we have called, “the voltage of 
corona initiation.” These measurements 
were started following an operating failure 
and to our surprise indicated that some 
equipment showed evidence of corona dis¬ 
charge at below normal operating voltages. 
Since then, this test has been included as 
part of the regular acceptance for certain 
types of insulation. 

In view of the fact that in the power- 
factor measurement for the detection of 
possible faults we are looking for abnormal 
conditions, it is reasonable to expect that as 
faults develop there might be corona condi¬ 
tions at operating voltages. These same 
units, when new, might not show corona or 
ionization until several times normal voltage 
had been applied. It would seem, there¬ 
fore, that measurements made at normal 
voltage would be more likely to disclose the 
development of undesirable faults. It 
might also be expected that the power- 
factor limits distinguishing good from defee- 
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tive equipment would be better defined. 

In the past, the writer's organization has 
made a few power-factor measurements and 
efforts were always made to test at rated 
voltage. It is recognized, however, that 
there are difficulties encountered which at 
the present time have not been overcome. 
This, however, should not deter those who are 
regularly making these measurements from 
attempting to obtain data at rated voltage. 
Until this field has been explored, it is the 
writer's opinion that we will not fully 
realize the benefits of this type of measure¬ 
ment for diagnosing insulation troubles. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross' paper furnishes data showing the 
results of several years' experience in field 
testing and is of great value both to opera¬ 
tors and manufacturers. These results 
show shortcomings in materials used and in 
design practices. They also show the 
desirability of using checks to keep appara¬ 
tus in good operating condition and avoid 
failures and expensive repairs and loss of 
service in the field. 

There are several factors in power-factor 
testing of transformer insulation which I 
would like to mention. The company with 
which I am associated made power-factor 
tests for a period of a year or so in the 
factory on power transformers. The pur¬ 
pose of this was to accumulate data as to 
what power factors might be expected on 
new equipment. Due to the careful proces¬ 
sing and drying out in the factory it might 
be expected that the results of the power- 
factor tests would be fairly uniform and to 
be, therefore, of little significance. This was 
actually found to be the case. For this 
reason the use of power-factor tests has been 
discontinued on transformers. It might 
also be pointed out that the power factor 
varied somewhat with different designs in 
such a way that the method is not suitable 
for factory testing. 

It might be desirable to call attention to 
the fact that in service high power factors 
are not always caused by moisture. Oxida¬ 
tion and oil deterioration lead to high power 
factors in the oil even though dry. It is of 
interest that high power factor due to this 
cause does not result in any loss of dielectric 
strength. This has been demonstrated by 
tests on sample barriers ranging from very 
low power factors to 40 or 50 per cent power 
factors. Both 60-cycle and impulse tests 
showed no change with power factor. 

It is of great interest that spare units not 
excited may deteriorate due to moisture. 
This might be expected particularly in 
transformers breathing to the outside at¬ 
mosphere whether directly or in combina¬ 
tion with an expansion tank. Where oil 
has been heated slightly above atmospheric 
temperature it has been found that it will 
keep fairly dry. Oil, however, which may 
become colder than the atmosphere and is 
in direct contact with the atmosphere can 
condense moisture and gradually become 
quite wet. Even transformers which 
breath in air through a calcium chloride 
breather may become quite wet due to the 
oxidation of the oil forming water which is 
not easily removed. 

Mr. Gross has also called attention to the 
deterioration of cork gaskets. This ma¬ 
terial was the best material we knew of some 
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years ago for use as gaskets. It is of interest 
that materials have recently been put into 
use which promise to deteriorate very little 
and which may last indefinitely. 


F. C. Doble (Doble Engineering Company, 
Medford Hillside, Mass.): The paper by 
I. W. Gross summarizing authentic and 
instructive information from more than five 
years of consistent field testing of bushing 
and transformer insulation by the power- 
factor method is a credit to the author and 
should be of value to those in the industry 
who are responsible for the maintenance of 
high-voltage insulation. 

It is significant that a 10-kv 60-cycle test 
has been adequate to maintain a completely 
reliable operating schedule on equipment 
rated from 13 kv to 132 kv. 

Early in the development of field testing 
by the power-factor method, some insulation 
engineers felt that a 10-kv test voltage 
would be entirely inadequate for testing 
equipment rated by voltages higher than 
10 kv. Also some others felt that an off 
frequency even up to 1,000 cycles would be 
desirable in order to get away from certain 
difficulties due to induction from parts of the 
60-cycle system other than those under test 
and to mitigate possible loss effects due to 
the action of low frequencies on composite 
insulation. 

The paper under discussion typifies a 
wide experience with dielective loss tests in 
the field correlated with failures of insula¬ 
tion of all voltages up to and including 220 
kv that has proved conclusively that a 10- 
kv 60-cycle dielectric and power-factor test 
is adequate for a reliable economical main¬ 
tenance program. 

Referring to Mr. Montsinger’s discussion, 
I agree with his statement that the greater 
complexity of construction and increased 
variety of designs of transformers as com¬ 
pared to bushings makes it more difficult 
to interpret the results of power-factor 
tests into a reliable transformer-mainte¬ 
nance program. However, I believe that it 
is not too optimistic to expect that a 
reasonable degree of standardization of test 
values can be derived in view of the very 
simple tables that now cover the entire 
bushing range that was thought to be just 
as hopeless some years ago when field test 
by power factor first began. 

Pertinent to Mr. Montsinger's request 
to the author for an explanation of the fact 
that spare transformers deteriorate at a 
much higher rate than those in service I 
believe that more attention should be given 
to the electrical characteristics of water in 
oil. Recent investigations indicate that it 
is possible for water to be present in oil in a 
low-loss form that is not revealed by or¬ 
dinary electrical tests, such as dielectric 
breakdown or power factor, to a much 
greater degree than is shown by the litera¬ 
ture that describe this phenomenon. 

In this low-loss form the water is no ap¬ 
parent handicap to electrical operation. 
However, a drop in temperature may cause 
the water to change its electrical character 
so that it becomes high-loss water which 
may be a serious operating hazard. The 
spare transformers pass through a much 
wider temperature cycle than corresponding 
transformers in service with a resulting 
tendency to faster deterioration in a given 
time. 
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I. W. Gross: The numerous discussions 
given of this paper indicate the subject of 
field testing of insulation is a very live one 
at the present time. 

The question of correcting power-factor 
readings to a standard temperature and the 
methods for so doing is one on which we 
have spent considerable thought and time. 
Mr. Cole has pointed out that he has taken 
this into account by using different power- 
factor limits on bushings, depending on the 
temperature of the oil in which the bushing 
is located. Another method on which we 
have been working is that of assigning a 
temperature to the bushing on the basis of 
the composite parts which are at different 
temperatures. For example, the bushing 
temperature may be rated on ambient air, 
copper temperature at the top of the bush¬ 
ing, or oil temperature of the apparatus in 
which the bushing is located; or in the case 
of oil-filled bushings it may be based on the 
temperature of the oil in the bushing. 
Undoubtedly, some further study in refine¬ 
ment is possible in arriving at the most 
desirable basis for temperature. 

Mr. Wetherill has pointed out the theo¬ 
retical justification for the test on fibrous 
insulation parallel to the fiber structure. 
It is quite fortunate from a practical point 
of view that this test along the fiber, 
such as along the surface of cylindrical 
insulating members, has proved to be an 
adequate test to detect the presence of 
moisture, as it would be decidedly burden¬ 
some and complicated to make routine tests 
radially. While it is true, as Mr. Wetherill 
points out, that the highest per cent of 
bushing failures (figure 6 of paper) occurs 
during the lightning season, it is also true 
that in the cases of bushing failures in the 
early part of the year when general weather 
conditions are cold, with subsequent thaw¬ 
ing and rain, there is a rise in bushing 
failures which indicates to us the possibility 
that moisture, which had entered the bush¬ 
ing prior to failure, had become destructive 
by penetration into or through the insulat¬ 
ing material. As pointed out in the paper 
deteriorated gaskets are contributory fac¬ 
tors under severe weather conditions. 
Several years ago we experienced a number 
of bushing failures immediately following a 
protracted cold spell followed by thawing 
and rain in the early part of the year. These 
failures were not accompanied by lightning 
but appeared to be due to deterioration of 
the bushing by the entrance of moisture 
under severe weather conditions. 

Mr. Montsinger and others comment that 
the type of transformer design may affect 
the interpretation of power-factor readings. 
This point is well taken and, as pointed out 
by him, undoubtedly a large number of 
tests on different types of transformers 
will be required before we can determine 
transformer faults with the same certainty 
that is now possible with bushings. How¬ 
ever, the work which we have been carrying 
on during the past few years seems to indi¬ 
cate, with our present knowledge of the art, 
that there are many other factors in the de¬ 
tecting of transformer faults which at the 
moment far outweigh the difference in trans¬ 
former design. This point, however, should 
be given further consideration. 

In answer to Mri Montsinger’s question 
regarding the types of faults which have 
been found in transformers, so far as we 
have been able to determine, these faults 
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have been due to the entrance of moisture 
into the transformer and have in most 
cases been successfully removed by drying 
the transformer by conventional, recom¬ 
mended methods. With practically few, 
if any, exceptions, we have not discovered 
other types of faults in such defective trans¬ 
formers at the time they were serviced as a 
result of the power-factor test. 

In many cases, of course, the oil has de¬ 
teriorated where it has been in service for 
some length of time, and on reservicing, 
it is always reconditioned or replaced. I do 
not recall that we have had any cases of 
seriously deteriorated insulation attributed 
to anything except absorbed moisture. 

As brought out by many of the discussers, 
there is undoubtedly a great deal of research 
work to be done in studying the deteriora¬ 
tion of insulation in a complicated, com¬ 
posite structure such as a transformer wind¬ 
ing with its insulation of conductors, sec¬ 
tions, cores, etc., and it is hoped that a well 
organized and carried on study of this prob¬ 
lem will be made in the future. 

The deviation of power factors, concern¬ 
ing which Mr. Montsinger asked, is very 
valuable in determ ining the condition of 
transformer insulation in the field, not only 
by comparison of insulation between trans¬ 
formers of the same design, manufacture, 
rating, etc., but also by comparison of in¬ 
sulation between primary and ground, 
secondary and ground, and interwinding 
insulation. We have sometimes detected 
faults by comparisons of this type. 

Messrs. Chubbuck, Rutan, and Doble 
have all commented on the power-factor 
testing on higher voltages than 10 kv em¬ 
ployed in our work. As pointed out by Mr. 
Doble, studies made so far indicate that 10 
kv is adequate for the purpose. It is to be 
expected, however, that at higher test 
voltages approaching the operating voltage 
of the equipment, corona formation may be 
detected in some cases. This, however, 
with our present experience with practical 
field testing seems to be more a question of 
insulation design than one of equipment 
maintenance. 

It should not be lost sight of, too, that to 
attempt to test field equipment which 
ranges all the way from 2,300 volts up to 
230 kv would undoubtedly require consider¬ 
ably more elaborate test equipment as re¬ 
gards voltage supply than has generally been 
considered practical in the field. Unless 
there is some distinct advantage, which so 
far has not been apparent, to be gained by 
the use of high voltage in the order of 100 
kv or so, we believe it is a better plan to 
retain a practical working limit of voltage 
until such time as research developments 
show that a higher voltage is essential to the. 
satisfactory maintenance of equipment. 

Mr. Goodwin’s theory on the reason for 
failure of compound-filled bushings is quite 
interes ting . A number of other theories 
have, of course, been set up, discussed and 
explored in the development of the present 
test set which we are now using. 

Mr. Tebo touches on several points of in¬ 
terest as regards testing procedures, methods, 
equipment, and results obtained. In the 
first place, while the paper did not report 
numerically the reduction in failures of 
bushings or other equipment since power- 
factor testing work was started, there is 
abundant evidence to show that material 
reductions have taken place. This infor- 
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mation, however, is not in the form of statis¬ 
tical, numerical data, but rather comprises 
the frequency of complaints from the field 
of equipment failures and also the verbal 
reports of the different properties on which 
testing work has been carried on. In fact, 
at the present time we are using three test 
sets in an attempt to carry out a yearly test 
schedule on oil circuit breakers, bushings, 
and transformers, and the results of testing 
have been so successful in improving the 
operating performance of equipment that 
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we from time to time receive urgent requests 
from the field that the schedule be hastened 
to take care of testing their equipment on a 
more frequent basis to forestall trouble. 

While, as pointed out by Mr. Tebo, it is 
theoretically possible to set up conditions 
of faults in bushings where a serious operat¬ 
ing hazard can exist on a bushing without an 
appreciable increase in energy loss or power 
factor, still we should, not lose sight of the 
fact that experience seems to show that 
actual occurrences of this kind are very in¬ 
frequent, Likewise, the theoretical con¬ 
sideration of a y 2 -watt loss at 10 kv in a 
bushing may exist without the bushing being 
a hazard on the system must be correlated 
with the practical experience obtained in 
testing bushings where losses of such magni¬ 
tude are found and inherent faults in bush¬ 
ings have been detected. The possibility of 
these two conditions existing is, of course, 
admitted, but their probability seems remote. 

Regarding the hot-collar test referred to 
in the paper, Mr. Tebo has apparently mis¬ 
understood our opinion of its place in test 
work and the importance of this type of 
test in detecting faults. It is not our 
opinion that this type of test is superior to 
the over-all power-factor test. It is merely a 
supplementary test which, when used in 
conjunction with the over-all power-factor 
test, has been useful in detecting some types 
of faults in particular types of bushings. 
This hot-collar test, so far as we know, was 
first described by Mr. O. E. Fawcett of the 
West Penn Power Company early in 1936 
and was first used on our property sub¬ 
sequent to this. 

Further, Mr. Tebo's implication that the 
testing technique which we are employing 
is complicated and therefore requires 
“specialists in power-factor testing and in¬ 
terpretation of results” is an opinion with 
which we quite emphatically differ. It often 
happens that a test device which requires 
merely the turning of a handle and the read¬ 
ing of an instrument scale falls far short of 
obtaining satisfactory results unless the re¬ 
sults are understood and analyzed by com¬ 
petent and skilled men. 

Considerable advantages result by having 
the tests promptly interpreted and remedial 
measures taken at the time of the tests. 
Mr. Tebo’s statement that failures have 
been^ practically eliminated on some 2,500 
bushings tested by the potential-gradient 
method warrants some comments. The 
absence of failures in 1938 (which is ap¬ 
proximately only half of the current year) 
fno * he fact that the two which failed in 
1937 were abnormal when tested leave the 

res*' 1 *-- 

bo 
ail 
on 
on 
be 
be 


luls very inconclusive. It should be 
rne m mind that to remove from service 
bushing? which are merely “abnormal” 
test would place a heavy financial burden 
°P*™*“* company which could not 
tolerated. The degree of abnormity must 
evaluated in terms of operating hazard. 


Synopsis: This paper describes a new type 
of supervisory control system which was 
developed to reduce the selection time in 
large, multistation applications. The prin¬ 
ciples are based on the use of short and long 
electrical pulses and circuit designs not 
requiring a check-back code for assuring 
accuracy. It is equally applicable to a 
two-wire telephone line or a carrier-current 
channel. The design is quite flexible, per¬ 
mitting many alterations and additions to 
satisfy local conditions peculiar to its prob¬ 
lems. The theory behind the elimination 
of the check or selection is explained. 

M OST modern systems of supervisory 
control are based on the logical 
principle of checking a selection before 
performing an operation. To do this, a 
checking code duplicating the selecting 
code is returne d from the substation to 
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the dispatching office. This insures that 
the desired unit has been correctly se¬ 
lected for operation. 

The self-checking system, here de- 
scribed, obtains the same assurance of 
correct selection without the necessity of 
returning a duplicate of the selecting 
code. Thus, the over-all selecting time 
is reduced, particularly in the larger 
multistation systems. The usual initial 
operation of station selection is also elimi¬ 
nated since we can look at the whole 
system as a single station. Each remote 
piece of apparatus is assigned a definite 
code. The resulting saving of time is 
important, particularly when a carrier- 
current channel is used, since it mini¬ 
mizes the time during which outside 
interferences can tend to disturb or muti¬ 
late the signalling sequences. 

In the design of the self-checking sys¬ 
tem, two types of selecting pulses are 
used. They differ from each other in 
their length or in the time of energizing 
the line. The short pulse has a char¬ 
acteristic time of the order of one-tenth 



It is often true that an attempt to draw con¬ 
clusions from incomplete data is often more 
harmful than beneficial. 

We question the ability of any test 
method to eliminate all failures of bushings 
in service. If it should be possible to ac¬ 
complish this, Mr. Tebo’s statement that 
“there appears little justification for tests 
to disclose defective lift rods, inferior oil, 
etc.,” is not in accord with operating ex¬ 
perience in our company where we have 
found defective lift rods by the power-factor 
test and have eliminated them before 
breaker failure has occurred. The impor¬ 
tance of field insulation testing lies in test¬ 
ing all major equipment, if possible/rather 
than to confine the tests to only a small part 
of it such as the bushings alone. 

One type of fault the potential-gradient 
method applied to bushings cannot detect 
is faulty conditions of the insulation on the 
bushing within the apparatus, that is, below 
the bushing mounting flange. Faults of this 
type have been found by the power-factor 
♦method. 

Mr. Vogel points out that a high power 
factor of the off does not affect the insula¬ 
tion, and we presume he has in mind that 
if the fault should be localized in the oil (in 
a transformer), then servicing the oil would 
be a suitable means of reconditioning the 
transformer. This indeed is an interesting 


point, but it should be borne in mind that if 
the high power factor of the oil is due to 
contamination by moisture, then over a 
period of time that moisture may have 
worked into the insulation and become con¬ 
centrated at some point in the insulation 
structure which is vital to the successful 
operation of the equipment. 

In closing this discussion there is one 
broad point of view that we wish to em¬ 
phasize, and that is, in field testing of in¬ 
sulation of the type described in the paper, 
we are dealing with a most complicated 
structure consisting of oil, paper, fibrous 
insulation, wood, etc. In many cases it is 
fortunate indeed that a power-factor test 
does give us an indication of the condition 
of the insulation as compared with the 
insulation of that equipment when initially 
new even though we do not know all the 
theoretical reasons why it does. Those who 
choose to take chances in operating a system 
with insulation known to be far different 
from what it was in its original condition 
must, of course, run the risk of equipment 
failure. Just how bad such insulation may 
become, and still result in satisfactory Opera¬ 
tion of the equipment is a point which is not 
known at the present time, but it is hoped 
that as our test work continues, it will be 
possible to obtain some valuable information 
on this point over a period of time. 


*600 Transactions D . 

Reagan—Supervisory Control Electrical Engineerxkg 



of a second. The long pulse is purposely 
lengthened to approximately three times 
the time element of the short one. 

Each selecting code is made up of the 
same number of total pulses and the same 
number of long pulses. By this means, 
the possibility of incorrect selections is 
•eliminated. The explanation of this will 
be apparent from the circuit descriptions 
to be discussed later. 

In the smaller applications, there is no 
advantage in the self-checking system. 
As the number of total pulses increase, 
the number of possible selection combina¬ 
tions enlarge enormously. This is. ap¬ 
parent from figure 1. It is for this reason, 
that the self-checking system is economi¬ 
cal and most beneficial where there are 
many operations and several substations 
to be controlled and supervised. 

From a given number of total pulses, 
the maximum number of selection com¬ 
binations occur when the number of long 
and short pulses are equal. As an ex¬ 
ample, let us consider the case where 
eight pulses are used. The formula for 
determining the total selections may be 
written: 

_ r x<r- i) x(r-2)...(,s + i) 

V L (factorial L) 

where 


N — total number of selections 
T = total number of long and short pulses 
L - total number of long pulses 
S = total number of short pulses 


In this case, should three long pulses 
be used, the number of shorts would 
necessarily be five. 


8X7X6 

1X2X3 



However, should there be four long 
pulses, we have 


8X7X6X5 = 7Q 
1 X 2 X 3 X 4 


Should five long pulses be employed, 
we arrive at the same total as with three, 


_ 8X7X6X5X4 rA 

N a* --- =* 00 

1X2X3X4X5 

If our system were composed of approxi¬ 
mately 50 units, the scheme using three 
long pulses would be used since less total 
time is required. 

Where ten total pulses are required, 
four long pulses permit selecting any one 
of 210 units. On the basis of 0.1 second 
for a short and 0,3 seconds for a long 
pulse, it is apparent from the foregoing 
that with an increase in selection time of 
0,4 seconds, the size of the system may 



I 2 3 4 5 0 7 8 9 10 II 12 13 

0.8 1.2 1.6 2.0 2.4 

NUMBER OF TOTAL PULSES 
•APPROXIMATE SELECTING TIME PER POINT —SECONDS 


Figure 1. Curve showing the selection time in 
seconds for any unit out of a known maximum, 
given a code with a definite total number of 
impulses 


increase from 56 to 210 points. Due to 
the natural limitations of the number of 
contacts available on standard relays, 
less than the full theoretical number of 
selections is practical. The usable codes, 
even in the larger systems, are at least 
half of the theoretical total. 

An even number of total pulses is ad¬ 
visable for purposes of balanced circuit 
design. Also, an even number of long 
pulses is preferable to an odd number. 
In the circuit design, the first half of the 
total pulses is called the group selection, 
while the second half is known as the 
point selecting pulses. For example, 



Figure 2. Code set-up circuit outlining 
method of establishing a definite code 


consider the case where a‘ total of ten 
pulses is used, If the total number of 
system points is 100, the codes would be 
assigned so that there would be two long 
pulses in each of the first and second 
groups of five pulses. Using a system of 
numbering whereby the numbers rep¬ 


resent the long pulses, code 14-79 would 
mean that the first, fourth, seventh, and 
ninth pulses were long while the remain¬ 
ing ones were short. 

The group codes would be 12-13-14-15- 
23-24-25-34^35-45. 

The point codes would be 67-68 t 69-60- 
78-79-70-89-80-90 (the 0 denotes the tenth 
pulse). 

This represents a ten by ten layout or 
100 total points. 

The codes would be: 


12-67 

13-67 

14-67 

15-67 

23-67 

12-68 

13-68 

14-68 

15-68 

23-68 

12-69 

13-69 

14-69 

15-69 

23-69 

12-60 

13-60 

14-60 

15-60 

23-60 

12-78 

13-78 

14-78 

15-78 

23-78 

12-79 

13-79 

14-79 

15-79 

23-79 

12-70 

13-70 

i4-70 

15-70 

23-70 

12-89 

13-89 

14-89 

15-89 

23-89 

12-80 

13-80 

14-80 

15-80 

23-80 

12-90 

13-90 

14-90 

15-90 

23-90 

24-67 

25-67 

34-67 

35-67 

45-67 

24-68 

25-68 

34rfi8 

35-68 

45-68 

24-69 

25-69 

34-69 

35-69 

45-69 

24-60 

25-60 

34-60 

35-60 

45-60 

24-78 

25-78 

34-78 

35-78 

45-78 

24-79 

25-79 

34-79 

35-79 

45-79 

24-70 

25-70 

34-70 

35-70 

45-70 

24-89 

25-89 

34-89 

35-89 

45-89 

24-80 

25-80 

34-80 

35-80 

45-80 

24-90 

25-90 

34-90 

35-90 

45-90 


From this, it is apparent that the select¬ 
ing time of any one unit is the same as 
that for any other unit in the same system, 
since each code must contain the same 
number of long and short pulses. 

The order of preference of reporting 
the codes in case of more than one attempt 
to start at the same instant is determined 
by the long pulses. The code with the 
first long pulse will take preference over 
one having a short pulse at that time. 
This is also true in multistation layouts 
where the station which is sending a short 



Figure 3. Simple short-pulse counting scheme 
used for recording the short pulses in a given 
code ■■■()': 


pulse locks out if some other station is 
sending a long pulse. All points have 
“storage” circuits so that there is no 
possibility of losing an indication under 
such circumstances. 

The first application of this system was 
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made on a pair of 287-kv power lines ap¬ 
proximately 270 miles in length. The 
line circuit consists of a carrier-current 
channel of 60 kilocycles. Connections to 
the lines were so made that operation is 
possible even though either transmission 
line is open circuited or grounded. 

In this case, ten total and four long 
pulses are used. However, the number 
of required operations demanded that the 
codes have up to three long pulses in 
either the group or point codes. When 
the group has one long pulse, the point 
must contain three, etc. 

This application has many other fea¬ 
tures individual to the local conditions 
and these will be omitted in the general 
description to follow. There are two dis¬ 
patching boards, one at Boulder D am and 
the other at Los Angeles, on which all 
operations must report simultaneously. 
Should the Los Angeles board fail to re¬ 
ceive a signal due to any cause, the dis¬ 
patcher at Boulder is automatically 
notified. Again, interlocking is used so 
that the dispatcher cannot attempt a 
wrong operation. Thus, it is arranged 
so that a ground switch cannot be closed 
at one end of a line section if a line dis¬ 
connecting switch is closed at the other 
end. Such are examples of special cir¬ 
cuits which may elaborate on the funda¬ 
mentals as will now be described. 

Description of Scheme of Selection 

Figure 2. As the dispatcher operates 
a point selection key (key 12-67, for in¬ 
stance) a circuit is completed through the 
operating coils of relays 12 and 67. As 


they close, locking circuits are formed by 
contacts on relay 12. They also open 
the circuit to other group and point re¬ 
lays. Figure 4 will show how their con¬ 
tacts make the first, second, sixth, and 
seventh pulses long. Relay Y is used to 
start the pulsing. 

It will be seen that one set of point re¬ 
lays and only one may be operated at one 
time even though several point-selection 
keys are operated at the same time. This 
feature is not absolutely necessary at the 
office since the dispatcher would not 
operate more than one key at one time. 
It is required at the substation, however, 
since several breakers might open simul¬ 
taneously. The office connection is made 
similar for the sake of uniformity. 

To explain the action of the guard cir¬ 
cuit, suppose the dispatcher operated 
keys corresponding to codes 12-67 and 
13-67 simultaneously. Both relays 12 
and 13 may operate momentarily but re¬ 
lay 12, being first in order, opens the posi¬ 
tive feed to relay 13 so that only relay 12 
can remain operated over its locking 
winding. The selection keys are thus 
wired in series sequence so that only the 
first one in the sequence is operated. 

It will be noted here also that the num¬ 
bers of the relays operated correspond to 
the numbers of the pulses which are 
made long. Should a code be operated 
which requires three long pulses in either 
the group or point sections (code 123-6 or 
5-890, for example), the second windings 
of the necessary relays are connected in 
series by contacts of the point selection 
key which corresponds to that particular 
code. 


energized and does not drop out between 
pulses. 

As long as relay L is operated, relay 1 B 
is short-circuited and cannot operate 
even though the contact of 1/1 has com¬ 
pleted its operating circuit. 

When relay L releases after the first 
pulse, the shunt across relay IB is opened 
and relay IB picks up in series with the 
operating coil of L4. As relay IB oper¬ 
ates, it transfers the L circuit to 2A so 
that it operates in response to the second 
pulse. Relay 2B operates as L drops out 
at the end of the second pulse. The re¬ 
maining relays of the counting chain 
operate in the corresponding manner as 
the pulsing continues. 

Figure 4 . This shows the sequence of 
pulsing the carrier current. From figure 
3, the keying relay KR was energized by 
the contact of the sending relay 5. The 
contacts of the keying relay complete the 
transmitter oscillator and amplifying 
circuits thus applying carrier energy to 




Figure 4. Impulse circuit used to impulse the 
carrier end method of coupling to high-voltage 
lines 



Figure 5- Long-pulse control scheme showing 
method of inserting the long pulses in their 
proper position in a given code 
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Figure 3. When relay Y operates, a 
circuit is closed to relay S or sending 
relay. Being connected through a break 
contact of relay L t this circuit is effective 
only as long as relay L is de-energized, so 
that a pulse received from the substation 
at the same time that the circuit for 5 is 
closed will prevent the operation of re¬ 
lay 5. 

When relay S operates, it closed a cir¬ 
cuit for the keying relay KR, which places 
carrier current on the high-voltage 
transmission lines. This results in the 
operation of all receiving relays (RR) 
(shown in figure 4). Neglecting for the 
moment the sequence of pulsing and the 
control of the long pulses, relay L is 
caused to pick up and drop out with the 
carrier-current pulses. 

The pulses are counted by the counting 
relays IA to 10A when relay L is ener¬ 
gized and by relays IB to 103 when relay 
L is de-energized. The first operation 
of relay L energizes relay D as well as L4. 
Relay D is slow releasing when de- 
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Figure 6. Long-pulse counting circuit used to 
record the position of the long pulses in a 
given cod* 

the lines. All receiver relays pick up and, 
in turn, energize relay L. As relay L 
operates, it not only advances the count¬ 
ing chain of figure 3, but opens the keying 
relay circuit. As the keying relay drops 
out, carrier energy is removed from the 
transmission lines, resulting in the de- 
energization of all receiver relays. Thus, 
the counting chains in all stations step 
ahead simultaneously. The function of 
the long pulse control of the keying relay 
will be evident from figure 5. Even 
though the short pulse circuit is opened 
by relay L, a long pulse keeps the keying 
relay energized and carrier on the high- 
voltage carrier-current circuit 
Figure 5. For selection purposes, four 
of the pulses must be long. This is ac¬ 
complished over long-pulse control cir¬ 
cuit which also operates on the keying 
relay. To transmit code 12-67, pulses 
number 1, 2, 6, and 7 must be made long, 
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while the other pulses, that is, 3, 4, 5,8, 
9, and 10, must be short. As soon as re¬ 
lay S is energized, a circuit is completed 
by the make contact of relay 12 to the 
keying relay KR. Relays P and Q are 
normally energized through a break con¬ 
tact of L. These relays are slow to re¬ 
lease and do not drop out immediately 
when relay L is energized. Carrier 
energy is thereby kept on the line and all 
relays KR and L remain energized. After 
a predetermined interval of time, relay 
P, whose circuit is opened by relay L, 
drops out and opens the circuit of slow- 
releasing relay Q. Relay Q also drops 
out after a certain time and opens the 
circuit of the keying relay KR, thus re¬ 
moving carrier from the line and dropping 
relays RR and L. Thus, each one of the 
four long pulses energizes the keying re¬ 
lay for a definite period of time. 

Figure 6. As relay P drops on the 
first long pulse, it operates a long pulse 
register relay 1C. This takes place at the 
sending station and all of remote stations. 
The duration of the long pulse is increased 
by the drop-out time of relay Q in order 
to give the remote stations sufficient time 
to operate the C register relays and to 
take care of unequal dropping times of 
the various P relays in the other stations. 
Other long pulses are under control of 
relay P in the same manner. Thus, 
during the third, fourth, and fifth pulses 
(of code 12-67) no circuit is completed for 
the KR relay in the long pulse control 
circuits, and relay P has no opportunity 
to drop. Register relays 3C, 4C, and 5C, 
therefore, cannot operate. The same is 
true of 8C, 9C, and 10C of this particular 
code. At the end of the tenth pulse, all 
stations would have relays 1C, 2C, 6C, 
and 7C operated and no others. As re¬ 
lay L picks up on the tenth pulse, relay 
IQA opens the circuit to relay KR, so 
that no further pulses can be transmitted 
(See figure 3.) Relay D, receiving no 
further pulses from line relay L, releases 
after a short interval and opens the 
original holding circuit for the counting 
and code relays. Since ten pulses have 
been received, these relays are held up 
through the winding of relay J. Relay 
J closes through this circuit and operates 
the point selection relay B or F (B is at 
the office and F at the substations) cor¬ 
responding to the selection registered on 
the code relays. 

Figure 7. In the present case, code re¬ 
lays 1C, 2C, 6C, and 7C are operated. 
The group selection circuit (controlled 
by the C relays operated during the first 
five pulses) is prepared after the eighth 
pulse by the operation of relay SB. 
Since 1C and 2C are energized, relay 
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Figure 7. Group selection circuit employed 
to distinguish the group of a code 


12P is operated. Also, since 3C, 4C, and 
5C are not energized, the operation of 
relay 12D picks up relay C12. 

Figure 8. After the end of the tenth 
pulse and the operation of relay J, a 
circuit is prepared for the operation of 
the point selection circuits (controlled 
by the C relays operated during the last 
five pulses. Since 6C and 7C are ener¬ 
gized, relay 67J5 picks up. The opera¬ 
tion of relays J, &7B, and C12 complete 
the circuit for F12—67 since 8C, 9C, and 
10C are de-energized. As FI2-67 oper¬ 
ates, it extends its operating circuit to 
relay K, which also picks up and closes 
a locking circuit for itself and F12—67. 
Relay K opens the energizing circuit for 
the point selection relays so no more of 
them can operate and also drops the 
counting and code relays as well as relays 
J and S . They are thus restored to their 
normal position. Relay 1023, as it oper¬ 
ated at the end of the tenth pulse, opened 
the circuit of relays Y and 12, which in 
releasing drop relay 67. High resistance 
relay A (see figure 2) picks up and holds 
the selection until the key is restored to 
its normal position. 

At this stage, the office has completed 
the selection of a point and is ready to 
receive a check code from the substation. 
At the substation, since no check is re¬ 
quired on the selection, a check showing 
that something was received is desirable 
where a carrier-current channel is em¬ 
ployed. 

Circuit Design Eliminates 

Possibility of Wrong Selection 

Before continuing with the operation 
of the equipment, the group and point 
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selection circuit safeguards against a 
wrong selection will be amplified. 

The circuit for relay J is completed 
only if relay 1(M has been operated in 
response to ten pulses on the line. If 
less than ten pulses are sent, relay D 
will release after the pulsing ceases, but 
relay 10A will not be operated. No new 
holding circuit is established for the 
counting and long-pulse register relays, 
and they release immediately without 
attempting a selection. 

If mote than ten pulses are received, 
the eleventh pulse will operate the lock¬ 
out relay X , which locks up until the set 
is released. Relay X opens the locking 
circuit of the long-pulse register relays, 
causing them to drop out and also stop 
the transmitting of impulses. No selec¬ 
tion can then be made until the equip¬ 
ment is released. 

Relay J, which can only operate if 
ten pulses (no more and no less) are re¬ 
ceived, closed the point-selection circuits. 
A point-selection relay can be operated 
only if four long pulses have been received 
and properly registered on four of the 
register relays 1C and 10C. 

Inasmuch as the group code contains 
either one or two long pulses in the first 
five, either one or two of the C register 
relays 1C to 5C must be operated. If 
there is no long pulse in the first five, 
none of the relays 1C to 5C is picked up, 
and no group-selection relay (Cl to C45) 
can operate. Consequently, no point 
selection can be* made. If only one long 
pulse is received in the first five pulses, 
one of the relays 1C to 5C will be dosed. 
As relay SB operates, one of the group se¬ 
lection relays Cl to C5 will dose. Should 
two long pulses be received in the first 
five, two of the 1C to 5 C relays will be 
energized, resulting in dosing one of the 
grouprselection relays C12 to C45. 

If three or more long pulses are re- 
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ceived in the first five, an examination of 
the contact circuits will prove that no 
group-selection relay can operate, thus 
preventing any subsequent point selec¬ 
tion. 

In other words, a group-selection relay 
can be operated only if either one or two 
long pulses are received in the first five. 

When the group codes contain one long 
pulse, the point codes must contain three. 
Likewise, two long pulses in the group 
code demand two in the point codes. 
Thus, the point codes contain either two 
or three long pulses, depending on the 
preceding group code. 

Examination of the contact circuits of 
the point-code relays 6C to IOC will show 
that no point selection circuit can be 
completed when no long pulse is received 
in the last five pulses. The same is 
true when only one long pulse is among 
the last five. 

When two long pulses in the last five 
are received, ten point-selection circuits 
are prepared which lead only to those 
group-selection relays associated with 
two long-pulse group codes. Therefore, 
a point selection can be made only if two 
long-pulse group-selection and two long 
pulse point-selection pulses are properly 
received. 

If three long pulses are received in the 
last five, ten other point-selection cir¬ 
cuits are prepared, leading only to those 
group-selection relays which are associ¬ 
ated with the one long-pulse group codes. 
Therefore, a point-selection relay can be 
operated in this case only if one long-pulse 
group and three long-pulse point-selection 
pulses are properly received. 

Should four or more long pulses be in 
the last five, the contacts of relays 5 C to 
IOC cannot close a point-selection relay 
circuit. 

Summing up, it is clear that a point- 
selection relay can be operated only if: 

(a) Relay J is operated in response to at 
least and not more than ten total pulses. 

(b) One group-code and three point-code 
relays are operated. 

or 

(c) Two group-code and two point-code 
relays are operated. 

(d) At least and not more than four long 
pulses are received. 

All other combination of pulses will not 
complete a selection. 

Substation Check 

While no check is necessary on the ac¬ 
curacy of the selection at the substation, 
the use of earner current as a channel 
makes it advisable to get some sort of a 



rect indication code from the sub¬ 
station. If, at this time, the selected 
signal back to show that the carrier equip- device should automatically change its 

ment is working. To do this, two pulses position, the new indication code is im¬ 
am returned which, at the same time, in- mediately transmitted to the office, 
dicates the present position of the The dispatcher may now operate the 
breaker or device to be operated. If, at master control key which sends through a 

that time, the device is closed, a long and three-pulse code, depending on the posi- 
short pulse code is sent to the office. If tion of the twist key of the selected point, 

the device is in the open position, a short The codes used are a long-short>short 

and long pulse code is transmitted. combination for closing and a short-short- 

The substation sending follows the long combination for tripping. The re¬ 
same sequence as has been described at lays thus operated have their locking 

the office except that the keying relay is circuit through the twist key providing 
opened at the end of the second pulse. an antipumping feature. 

The counting and code relays are re- After the three pulses are transmitted, 
stored to normal. At the office the two further transmission is stopped by relay 

pulses are received registering on 11C or 3A. At the substation, the circuit is set 

. 12 C depending on whether the selected up only if three pulses are received and 

device is closed or open. A circuit is the first or third one long. The device 

completed only if either the first or second then operates and the changing of its 

pulse is long. If both are short or if auxiliary switch sets up the sending dr- 

both are long, the contacts of 11C and cuit to initiate transmission of the new 

12C keep the circuit open. The relay indication code. As the new code is re¬ 
energized in response to this signal con- ceived at the office, the lamp relay is con¬ 
trols the red and green lamp relay. trolled as previously described. 

Should the selected device be closed, the In order to insure that the lamp relay 
first pulse is long (and not the second) has properly changed, a check code is 

and relay 11C is operated; The lamp sent from the office to the substation. A 

relay is energized connecting the red single long pulse is sent if tie lamp relay 

lamp in the circuit. Relay 12 C, which is energized while a single short pulse de- 

picks up when the first pulse is short and notes the de-energized position of the 

the second one long, causes the lamp re- lamp relays. When one of these types of 

lay to drop out, changing the lamp indi- pulses is received at the substation, relay 

cation from red to green. llC is operated if the red lamp is lit, but 

v will not be under the green lamp condi- 

Operation Control tion. In either case, if the check code 

from the office agrees with Ihe position ' 
At the same time, connections are made of the selected device, no further action 
to prepare the circuits for the transmission takes place. If they do not agree, a hew 
of the operation control codes. The indication code is transmitted. 
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The dispatcher may keep the selected 
point as long as desired and repeat the 
closing and tripping operations at will. 
Meanwhile, the device is constantly 
supervised, and any new position is auto¬ 
matically indicated at the office. 

Releasing the Selected Point 

When the dispatcher desires to release 
the selected point, he restores the point- 
selection key. If no pulses are being re¬ 
ceived at this time, restoring the point 
selecting key opens relay A. Relay A is 
arranged to send a single release pulse. 

In order to make a last check of the 
lamps at the office against the actual 
position of the selected device, the release 
pulse is made long if the red lamp is lit 
and a short pulse for the green lamp. 
This action is the same as previously de¬ 
scribed except, all equipment resets to 
normal if the signals agree. 

All other stations which have locked 
out are also automatically unlocked by 
the reset pulse* 

Automatic Operation 
From the Substation 

When a device changes its position in 
the substation, the selecting code is sent 
to the office in the same way as during a 
selection with the exception of the check 
code. Here, both sets of signals originate 
at the substation, so the indication code 
of two pulses follows immediately after 
the ten-pulse selecting code as pulses 
eleven and twelve. 

An audible alarm and flashing dis¬ 
agreement lamp informs the dispatcher 
of the change. The disagreement lamp 
is so named because the position of the 
control key and indicating lamps are not 
in agreement. Its chief function is to 
assist the operator quickly to locate the 
unit which has operated automatically 
in the remote station. 

Should several devices change position 
simultaneously, they report to the dis¬ 
patcher in sequence. The order of pref¬ 
erence is settled by the code since a sta¬ 
tion locks out if it is receiving a long pulse 
while sending a short one. Also, within 
a station, the code with the first long 
pulse, where another code has a short one, 
will be sent through first. 

Conclusion 

The new self-checking system is par¬ 
ticularly applicable to large multistation 
applications, especially where earner 
current is used as the controlling chan¬ 
nel. 
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The possible source of code mutila¬ 
tion may be summed up: 

(а) One or more pulses are lost due to 
relay failures or line trouble. In this case, 
a selection cannot be made. 

(б) One or more pulses are added due to 
relay failures or line trouble. Again, no 
selection can be made. 

(c) Two or more short pulses may flow 
together to form a long pulse. This results 
in less than the correct number of pulses 
and also too many long pulses. Therefore, 
no selection results. 

(d) A long pulse may be split into two 
short pulses. The selection cannot be 
completed because of too many pulses as 
well as an insufficient number of long pulses. 

(e) Should the long-pul.se indicating relay 
P fail to release on a long pulse, no selection 
results as too few long pulses are received. 

(/) Also, if relay P should drop out on a 
short pulse, too many long pulses are 
received and no selection is possible. 

Thus all reasonable possibilities of wrong 
selections are reliably prevented and no 
check-back is necessary. 


Discussion 

F. Von Voigtlander (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Increasing interest is being shown by operat¬ 
ing companies in the application of super¬ 
visory control schemes to power systems, 
chiefly as a means of reducing operating 
costs and improving service. 

In contemplating the application of super¬ 
visory control to a given power system the 
first consideration would be whether or not 
the control system was applicable. I would, 
therefore, like to ask the author what is the 
field of application of this control system? 

If it was found that the installation of 
supervisory control could be justified on 
the given power system, the next question 
would be what does this system offer that 
is not available in other modem control 
systems? 

An important consideration in the suc¬ 
cessful operation of automatic equipment 
is maint enance. Equipment may suffer 
not only from lack of maintenance, but 
from overzealous maintenance as well. 
Another question I would, therefore, like 
to ask is what form and extent of main¬ 
tenance is required by this control system 
and is there any way in which the equip¬ 
ment would give warning of faulty main¬ 
tenance before actual failure took place. 


IX R. Pattison (nonmember ; Pennsylvania 
Electric Company, Johnstown): We are 
large users of supervisory control equipment 
and have found this type of equipment very 
reliable provided it is not overmaintained. 
We are extremely interested in the general 
trend toward simplification and have 
always wondered why supervisory control 
systems outgrew the original audible type, 
which in our estimation is the simplest form 
of remote control. 

It has been bur belief that the operating 
companies should at all times keep their 
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remote-control requirements along logical 
and practical lines and avoid frilly require¬ 
ments which of necessity complicate the 
equipment. 

The manufacturers have been very 
generous in this respect and have at all 
times attempted to meet the special require¬ 
ments which in a large number of cases 
represent whims of individual engineers or 
operators. 

It is felt that the self-checking system 
offers a simplification in that the back and 
forth checking operation is eliminated. 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): Operating experi¬ 
ence with remote control of various kinds 
indicates that the author’s proposal to 
eliminate the check back system is a step 
in the right direction. 

To those who feel that the multiplicity of 
relays in extensive applications of super¬ 
visory control may involve operating delays 
due to testing and maintenance, is suggested 
that the methods of the communication 
companies be imitated. In dial switching 
systems a large group of relays are mounted 
on a base plate which has plug and jack 
connections so that the whole base with 
these relays can be instantly removed from 
the switchboard and replaced by a spare 
unit. The connector and selector switches 
used in the step-by-step dial system are good 
examples of this construction. 


G. De Croce (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): Replying to Mr. 
Von Voigtlander, this system differs from 
other systems in that it is applicable to 
large multistation applications because in 
these instances the selection time remains 
a constant and the over-all equipment is 
materially reduced. 

The best known method of anticipating 
trouble is to make visual inspections of the 
equipment. This inspection enables the 
maintainer to determine the cleanliness of 
the equipment and permits an observation 
as to the regularity of operation of the 
operating relays. 

Mr. Pattison raises a point which should 
be generally digested by the industry at 
large, that is, the elimination of overspecial 
features and requirements. If this thought 
is carried out it will generally make for a 
reduction in cost and a simpler equipment. 

Present-day supervisory control equip¬ 
ments have outgrown the audible type be¬ 
cause it is generally accepted that a con¬ 
tinuous indication of the position of re¬ 
motely disposed devices is far better than 
to have an operator dial for a supervision 
and depend entirely upon his hearing to 
determine the exact position of the. device. 

Mr. George’s contribution to this paper 
indicates the confidence in this type of 
equipment by those operating companies 
who have had previous experience with 
supervisory control. 

The reliability of this type of equipment 
and its freedom from maintenance service 
has been demonstrated by the number of 
successful installations now in operation. 
It is felt that in view of present field experi¬ 
ence the need for a removable jack-type 
relay where the relays are grouped becomes 
unnecessary. 
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Transmission Features of the New 
Telephone Sets 

By A. H. INGLIS 

ASSOCIATE AIEE 


Synopsis: The new telephone instruments 
now being introduced by the Bell System 
result in an outstanding improvement in 
transmission performance in service. The 
evidence for this, as obtained by compre¬ 
hensive laboratory and field tests, is pre¬ 
sented here, together with a discussion of 
the factors responsible for this superior 
performance and of the consideration in¬ 
volved in its appraisal. 


meriting, and explaining service perform¬ 
ance results. In determining the re¬ 
action on the user of the transmission fea¬ 
tures of possible designs, however, the 
field performance test has been found of 
first importance in deciding what particu¬ 
lar characteristics to include in the new 
telephone instruments and circuits. 


N EW TELEPHONE instruments are 
being applied in the plant of the Bell 
System to the desk stand, wall set, and 
handset, and result in markedly improved 
transmission performance. The new in¬ 
struments are associated with the anti- 
sidetone feature which is also applied to 
the older sets already in plant. The 
selection of these particular designs from 
the wide choice made possible by new de¬ 
sign technique, materials, and manufac¬ 
turing methods, has been based on de¬ 
velopments in the methods for quantita¬ 
tively rating the relative merits of dif¬ 
ferent designs. In general, there has been 
consistent effort over a period of years, to 
base these ratings primarily on perform¬ 
ance in service rather than on laboratory 
tests. 

The factors influencing service perform¬ 
ance are so many, and so complicated in 
their relationship, and are in so many 
cases difficult or even impossible for the 
designer to evaluate or control, that their 
net effect on performance cannot be pre¬ 
dicted with certainly by laboratory 
methods. Of necessity, such methods in¬ 
volve a limited selection of primary test 
conditions, and an even more limited 
selection from the possible combination 
of these conditions. This is particularly 
true in the rating of the transmission per¬ 
formance of a telephone set Laboratory 
tests are essential in the study and 
analysis of design problems, and are in¬ 
valuable similarly in interpolating, supple- 
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Important Transmission 
Characteristics of the New 
Telephone Sets 


The specific transmission design fea¬ 
tures of the new instruments, are described 
elsewhere. 1 The purpose here, therefore, 
is to discuss primarily the outstanding 
improvements in performance resulting 
from the application of the new instru¬ 
ments and the antisidetone feature which 
has been available for some time. 

These improvements are 

1. Those due to the station circuit, which, 
as compared with the previous station 
circuit, 

a ' Largely reduce the efficiency of the sidetone 
path between transmitter and receiver, without 
materially affecting the electrical efficiency of the 
set in transmitting or receiving. This means that 
sounds, either noise or speech, which are picked up 
by tiie transmitter, are reproduced in the receiver 
of the same set at a much lower level. 

3. Reduce the susceptiveness for certain types of 
party line sets to interference with reception by 
noise set up by power transmission systems. 

2. Those due to the physical characteristics 
of the transmitter and receiver. 

Several of these features have been 
available for some time, and have, of 
course, been introduced into the plant as 
they became available. The new trans¬ 
mitter and the antisidetone circuit, for 
example, have been standard for some 
years and have already been installed in 
large numbers. 

Figure 1 shows both the new handset 
and the desk-stand forms of mounting, 
including all these features as integral 
parts of their design. The new desk- 
type transnutter and receiver can, of 
course, be used with wall sets. 

The schematic drawing of figure 2 in¬ 
dicates the general arrangement of parts 
in the new station transmission circuit for 
either type of set. 


1. For aU numbered references, see list at end of In descrit)in g the results produced by 
papttv these transmission features, and the 
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methods employed in measuring and 
rating these results, it seems desirable to 
include some discussion of the character¬ 
istics of a telephone conversation as dis¬ 
tinguished from a direct, face-to-face con¬ 
versation, so that the various effects of the 
new circuits and instruments may be seen 
in as correct relative proportion and as 
generally comprehensible form as pos¬ 
sible. 

Some Elements of the Station 
Transmission Problem 

In either a telephone or direct conver¬ 
sation, successful communication depends 
on the characteristics of the talker and of 
the listener, and their reactions to each 
other and to the character of their sur¬ 
roundings. In a direct conversation 
such, for example, as across a desk, the 
environment is in general the same for 
both talker and listener, and their ears 
are materially aided by their eyes. In a 
telephone conversation, however, not 
only may the surroundings of talker and 
listener be entirely different, but a third 
element, the telephone system, is added 
to the environment of each user, which 
complicates his reaction, not only to his 
own surroundings, but also to the other 
party to the conversation. Further¬ 
more, for obvious economic reasons, the 



Figure 1. The new handset and desk-stand 
telephone instruments 


<ft> 



Figure 2. Schematic transmission circuit of 
antisidetone coil 


natural binaural reception of direct con¬ 
versation, with its advantages in discrimi¬ 
nating between sounds from different 
directions, is replaced in the tele ph one 
conversation by a monaural medium. 

Fundamental differences of this kind 
between telephone and direct conversa¬ 
tion must be taken into account in the 
design of a telephone transmission system 
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if satisfactory results are to be obtained. 
For example, the talker is accustomed in a 
direct conversation to regulate his talking 
volume by what he himself hears under 
prevailing noise conditions (which in¬ 
cidentally are the same for the listener), 
by the ease with which he hears the other 
party, and by the ease with which the 
listener appears to hear him. By ex¬ 
perience, under ordinary conditions, the 
first factor mentioned, the loudness with 
which the talker hears himself, probably 
comes to be the primary control on his 
talking volume. 

These various factors also serve to regu¬ 
late talking volumes in conversation by 
telephone, but their magnitudes and the 
relations between them differ from the 
condition of face-to-face air-path conver¬ 
sation and vary from one type of tele¬ 
phone connection to another. For ex¬ 
ample, the “sidetone” of the telephone 
set, being materially higher than the air- 
path sidetone, deceives the talker, not 
only by making him think he is talking 
louder than he really is, but also by ap¬ 
parently modifying the noise conditions 
under which he is talking in the pickup 
and amplification of room noise by his 
telephone transmitter. Since, in addi¬ 
tion, the efficiency of the telephone cir¬ 
cuit itself may be different in the two 
directions of transmission, the loudness 
heard by one party may differ more from 
that heard by the other than in the case 
of air transmission. Then, too, noise 
conditions may be and frequently are 
quite different at the two ends of the 
telephone circuit. Figure 3^4 shows the 
probability of noise of various average 
intensities at subscribers stations as de¬ 
termined by several surveys covering a 
large number of locations. On the as¬ 
sumption that any one of the stations rep¬ 
resented by these data may with equal 
probability call any other one, figure 
3 B has been computed, showing the prob¬ 
ability of noise at the two stations of a 
telephone connection differing by more 
than a certain amount. It will be noted 
that there is about an even chance of the 
noise at the two ends differing by more 
than 12 decibels. In view of these differ¬ 
ences, a person’s judgment of how well he 
is heard and understood cannot be as di¬ 
rect as in the case of air transmission. 

In addition, the transmission over the 
commercial telephone system affects the 
quality of the received speech more than 
the usual room surroundings in air-path 
transmission. While acoustic resonance 
and reverberation in a room do distort 
speech, in the extreme case to a point 
where understanding may be difficult, 
uch a condition is distinctly unusual. 

October 1938, Vol. 57 


Equal freedom from distortion in a tele¬ 
phone system is a more difficult and ex*- 
pensive condition to obtain than in direct 
conversation a few feet from a listener. 
Something less than perfect reproduction 
must suffice, for the present anyway, if 
costs are not to be prohibitive. 

All of these differences involve the ac¬ 
quiring by the user of a set of telephone 
habits which differ from those he has ac¬ 
quired in direct conversation. The prob¬ 
lem of the transmission design of a prac¬ 
tical telephone system requires, then, for 
a satisfactory solution, not only a de¬ 
termination of the proper speech levels 
to be delivered, and of the sidetone char¬ 
acteristics which will, under the condi¬ 
tions of a telephone conversation, give 
optimum results with the noise encoun¬ 
tered, but also a decision as to what par¬ 
ticular frequency range and characteristic 
to choose. Properly designed, a tele¬ 
phone transmission system should mini¬ 
mize, to the degree consistent with costs, 
its inherent differences from direct con¬ 
versation, and make it easy for the or¬ 
dinary user to get, without undue effort, 
results which are satisfactory to him in 
comparison with direct conversation. 

In the earlier days of telephony, the 
problem presented appeared much sim¬ 
pler. It was, in effect, unidimensional, 
calling primarily for more efficient in¬ 
struments and circuits; more and more 
power delivered to the listener’s ear. 
While methods for the control of side- 
tone were not unknown, the importance 
of such control was not fully appreciated. 
Little choice was available in the quality 
of reproduction provided by transmitter 
and receiver, because of meager design 
knowledge. 

Relatively recent, and quite rapid de¬ 
velopments in knowledge of the problems 
involved, in materials, methods, and 
measuring facilities, have now presented 
the necessity for a solution in essentially 
a three-dimensional form. These three 
dimensions may be described as volume, 
noise, and quality. The solution of the 
problem on this basis is obviously more 
difficult, and has required the develop¬ 
ment of methods for quantitatively evalu¬ 
ating and rating their characteristics in 
terms of some common yardstick. 

Methods of Rating Transmission 

For reasons already suggested, such a 
yardstick must be based on service per¬ 
formance—on the results obtained by 
actual users in the course of day-to-day 
telephone service. 

Extensive investigation has indicated 
that the best comparative measure of this 



Figure 3. Noise conditions at telephone 
stations 


transmission performance in local ex¬ 
change service is to be found in the time 
rate of the occurrence of repetitions re¬ 
quired by subscribers for understanding 
telephone conversations. 2 Or, more ex¬ 
plicitly, when two transmission condi¬ 
tions have the same repetition rates, all 
other service factors being equal, these 
conditions are taken to be equal with re¬ 
spect to transmission performance. 
Where two conditions are not alike it is 
usually possible to evaluate the difference 
in the repetition rates for the same users 
by inserting distortionless loss in the 
better condition until both have equal 
repetition rates. 

Thus, by taking as a reference, a typical 
telephone circuit of specified make-up, 
the effects of various factors such as dis¬ 
tortion, noise, attenuation, sidetone, or 
type of instrument, may all be expressed 
in the common terms of the reference cir¬ 
cuit trunk which will give the same 
repetition rate. 

Instead of making this adjustment in 
every case for the purpose of evaluating 
the relative performance of different test 
conditions for the same users, the evalu¬ 
ation may be made rather closely over a 
limited range by the following typical re¬ 
lation derived from repetition observa¬ 
tions on circuits containing trunks, the 
losses of which were varied over a range of 
values. 

db = 50 logxoRi/Ri (see reference 3) 

where Ri and R 2 are the repetition rates 
of two conditions under comparison, and 
the db figure is the change in the reference 
trunk which has the same relative effect 
on the repetition rate. 

Such a method is, of course, somewhat 
cumbersome, and requires a large amount 
of data to iron out random variations and 
individual peculiarities of little general 
interest. But as the fundamental rating 
method, supplemented by laboratory 
test, it has been systematically used in 
studying the value of the antisidetone 
circuit and in selecting instrument charac¬ 
teristics. 
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Supplementing the repetition observa¬ 
tions, it has been found useful in service 
rating to obtain data on speech levels de¬ 
livered to the line for each condition ob¬ 
served. This has been done with the 
volume indicator, a vacuum-tube volt¬ 
meter so designed that the reading is ap¬ 
proximately proportional to mean syl¬ 
labic voltage. 4 The information thus ob¬ 
tained is useful not only in analyzing the 
results of service tests but in determining 
typical values for speech levels, necessary 
for laboratory tests. 

Laboratory tests are of two general 
types, objective measurements and sub¬ 
jective tests. Transmission measure¬ 
ments cover a wide field with objectives 
ranging from the physical analysis and 
study of different designs, to the deter¬ 
mination of over-all performance char¬ 
acteristics of structures and systems. It • 
is these latter tests that we are more par¬ 
ticularly interested in here, as most de¬ 
scriptive of the physical properties of im¬ 
portance in providing telephone trans¬ 
mission service. 

Subjective tests in the laboratory may 
be said to be midway between physical 
measurements and field performance 
tests. Made under controlled and some¬ 
what artificial conditions, they indicate 
quantitatively the capabilities of a tele¬ 
phone system in transmitting articulate 
speech under the particular conditions of 
the test. They cannot, of course, indi¬ 
cate the relative probability of occurrence, 
and hence importance, of these different 
conditions, nor predetermine how well 
the subscriber will avail himself of the 
capabilities provided. 

Consideration of some of the results of 
investigations in both laboratory and 
field will do much to explain the rather 
large transmission improvement realized 
by the introduction of the new sets in 
actual service, particularly if examined 
with the conditions of a direct conversa¬ 
tion as a basis of comparison. 

The Station Circuit 

There are two characteristics of the 
new station circuit of particular impor¬ 
tance from a transmission standpoint. 

Reduction of Sidetone 

The first is the antisidetone induction 
coil .through which the transmitter and 
receiver are coupled to the line. This 
coil comprises, in addition to three trans¬ 
former windings, a balancing network. 
The circuit, made up of the four elements, 
transmitter, receiver, line, and network* 
coupled by the transformer, functions in 
such a manner that the transmitter and 
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receiver are in conjugate relationship, 
that is, voltages produced by the trans¬ 
mitter are balanced out and do. not affect 
the receiver. Theoretically, such a cir¬ 
cuit, with pure resistance elements, can 
be perfectly balanced at all frequencies 
with complete elimination of sidetone, 
and at the same time be as efficient as can 
any transformer coupling in an invariable 
telephone set, 5 for the transfer of power 
from the transmitter to the line, and from 
the line to the receiver. 

This type of circuit is not new in prin¬ 
ciple, and many varieties are known and 
have been described. 6 Many of these 
arrangements, for one reason or another, 
are not suitable for application. Some, 
for example, call for impedances of trans¬ 
mitters or receivers differing widely from 
those available. Certain others are not 
economical for common battery service, 
where the transmitter must receive its 
battery supply from the line. Still 
others require relatively complicated and 
expensive cording and switchhook ar¬ 
rangements. The circuit which has been 
chosen for general common battery sub¬ 
scriber station application, and shown 
schematically in figure 2, is not only as 
simple and as easily adapted to Bell Sys¬ 
tem conditions as any, but permits a 
coil design which is economical to manu¬ 
facture as well as efficient in performance. 
Other types of antisidetone circuit have 
been adopted for local battery station 
service and for operators' telephone sets. 

The theory of operation of this anti¬ 
sidetone circuit has already been dis¬ 
cussed elsewhere. 7 It is intended here to 
show the general purpose of the applica¬ 
tion, some of the considerations involved 
in the design, and the kind of results ac¬ 
complished. 

While in theory, complete elimination 
of sidetone is possible, as well as ideal ef¬ 
ficiency of transformation, in practice, 
neither objective can be entirely realized. 
The unavoidably wide variations in line 
impedance looking from the set, ranging 
from high positive to high negative phase 
angle, and from a few hundred to more 



Figure 4. Circuit efficiency of antisidetone 
circuit versus sidetone circuit 
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than a thousand ohms in magnitude, to¬ 
gether with other practical departures 
from ideal conditions, necessitate a choice 
between a high degree of sidetone bal¬ 
ance, and the standardization of a mini¬ 
mum number of coil designs. The varia¬ 
tions in loop length and resistance, by 
their effect on transmitter battery supply, 
and consequently on transmitter resist¬ 
ance, furthermore cause variations in the 
absolute transmitting and sidetone ef¬ 
ficiency of the terminal set, which must 
be taken into account in the station cir¬ 
cuit design. 

The actual design chosen is so arranged 
as to favor sidetone balance on average 
and shorter loop conditions where trans¬ 
mitter battery supply is greater, with 
consequent higher sidetone, and to favor 
transmitting and receiving efficiency on 
longer loops where battery supply is low. 
Since loop losses are greater for transmit¬ 
ting than for receiving because of trans¬ 
mitter battery supply loss, the ratio of 
the transformer is such as to favor the 
transmitting efficiency of the set some¬ 
what in comparison to the receiving ef¬ 
ficiency. This has the advantage of 
raising the transmitted speech level fur¬ 
ther above line noise. The same idea, of 
course, was followed in the design of the 
sidetone set. 

The resultant antisidetone circuit 
adopted and here discussed, as compared 
with the sidetone circuit previously in 
general use, when equipped with the same 
transmitter and receiver and on the same 
loop and trunk, reduces sidetone on the 
average by about ten decibels. Under 
the most unfavorable conditions of use, 
the reduction is unlikely to be less than 
about seven decibels compared with 
the corresponding sidetone connection. 
Under the best conditions of balance en¬ 
countered the reduction may be as much 
as 12 decibels. On the effective basis of 
transmission the average net improve¬ 
ment in transmission which results is- 
about six decibels. 

From the electrical circuit standpoint 
alone, the efficiency of the antisidetone 
arrangement is below that of the sidetone 
set in the order of about one or two deci¬ 
bels in transmitting and in receiving, 
which is necessitated by the limitations of 
practical design and circuit conditions 
discussed above. 

Figures 4a and Ab show for transmitting 
and receiving, respectively, the difference 
in efficiency, with respect to frequency, 
of the antisidetone set from the sidetone 
set, each with the same instruments. 
Two subscriber loop and trunk conditions 
are shown, an average loop and trunk, 
and a long cable connection. 
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Figure 4c shows the variation in side- 
tone reduction. with frequency, of the 
new set as compared with the correspond¬ 
ing standard sidetone set, for the same 
two circuit conditions as above. The 
curves are indicative of the effect of varia¬ 
tion of circuit impedance on sidetone 
balance, in changing not only the mag¬ 
nitude, but the frequency range in which 
the best balance occurs. 

Data of this sort alone do not, of course, 
indicate the relative transmission per¬ 
formance of the two sets. The beneficial 
effect on the telephone user of the large 
reduction in sidetone must be evaluated 
on the same yardstick as the losses in 
transmitting and receiving efficiencies 
which, in the practical case, accompany 
this reduction in sidetone. McKown 
and Emling have shown the effect of 
changes of this sort on the results ob¬ 
tained by the ordinary telephone user, in 
terms of net effective transmitting and re¬ 
ceiving loss, as determined by service 
observations. 8 Their data, shown in fig¬ 
ure 5, are relative to the sidetone of a ref¬ 
erence set. The heavy solid lines are 
the original experimental data, the dotted 
extensions to these curves being extra¬ 
polated. 

In addition to the original ordinates, 
others are shown which are of interest. 
They are based on the results of loudness 
balance tests, and while not perhaps of 
great precision, do approximately indi¬ 
cate the relationship of the sidetone of a 
telephone conversation to that for direct 
speech, and illustrate the differences in the 
effects of sidetone for transmitting and for 
receiving. 

On each curve are indicated the aver¬ 
age sidetone value of the standard side- 
tone and the new antisidetone set, each, 
as before, with the new transmitter and 
receiver. There is also shown the range 
of sidetone for each type of set, within 
which practically all service conditions 
will fall. This indicated range takes into 
account not only variations in sidetone 
balance due to line impedance variations, 
but changes (with loop resistance) in 
battery supply to the transmitter. It 
should be noted that in only a few cases 
is the absolute sidetone of the antiside¬ 
tone set on the worst sidetone conditions, 
as high as or higher than that of the side- 
tone set on the best sidetone conditions, 
and then only by a small amount. Fur¬ 
thermore, in spite of the wider variations 
in sidetone of the antisidetone set, these 
variations are over a range such that the 
resultant variations in effective losses 
are smaller than for the sidetone set. 

Considering figure 5a, it will be noted 
that for either sidetone or antisidetone 
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sets, the sidetone is louder than for natu¬ 
ral speech sidetone, which, as noted be¬ 
fore, makes the user think he is talking 
louder than he actually is. The average 
sidetone reduction of ten decibels for the 
antisidetone set results in less of this re- 


RA 

*-SID 

MGE0F 

ET0NE~* 



12 

q 

i SET p* 

| AVERAGE [ 

AVERAGE 



A-T 

RAjisMirr 

ljl6 

n 

J 



_ps* 




i 

1 

.j 



4 

0 

3 

8 

MCKOWN^ 




1 




EMUN6 

ORIGIN 




1 

r 














i 

j 




i ** 

J_ 




5 30 | 25 

TELEPHONE 
{(ABO 

20 

-SET SPEEC 
VE AIR-5PE 

15 

H-SIDE 
:CH SI 

i 10 

TONE-DEC 
DETONE) 

5 0 

.IBELS 

| | 

j B-RECEIVING! 





4 

0 


1 

i 

i 

j 


"i 

• 



1 

t 

i 


1 

_l 



m c kown5P“ 

EMUNG 




i 



ORIGIN 

_1_1_ 

1 

it: 


U 




15 10 5 0 -5 -10 -15 -20 

TELEPHONE-SET SIDETONE ROOM-NOISE— DECIBELS 
(ABOVE ROOM-NOISE IN FREE EAR) 

Figure 5. Effects of sidetone on user of 
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straint on his talking level, with a re¬ 
sultant net effective gain in transmitting 
of about four decibels compared with the 
sidetone set. 

In receiving, figure 5b sidetone intro¬ 
duces an effective loss by the reproduction 
in the telephone ear of room noise picked 
up by the transmitter. It will be noted 
that for the antisidetone set, the repro¬ 
duced noise is in general appreciably lower 
than the room noise itself. Inasmuch as 
room noise also interferes directly with 
received speech in the telephone ear by 
leakage under the receiver cap, the con¬ 
tribution to the total noise of the side- 
tone pickup of the antisidetone set is in 
most cases small. This is not true for 
the sidetone set, where in many cases the 
sidetone noise may constitute the prin¬ 
cipal interfering noise. The resultant net 
effective gain in receiving is about two 
decibels compared with the sidetone set. 

This is a good illustration of the type of 
information which can be obtained only 
from a field study. For example, the 
relationships indicated on figure 5 are 
dependent on how far away from the 
mouthpiece of the transmitter and at 
what level the speaker talks, and on how 
tightly to his ear he holds the receiver. 
These in turn are resultants of all the 
conditions of the particular telephone 
conversation. If incoming levels are so 
high as to be uncomfortable, the receiver 
may well be held farther away from the 
ear. In that event, of course, the side- 
tone conditions of the set become rela¬ 
tively less controlling. The weight, size, 
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and shape of the instrument in his hands 
may similarly affect the subscriber’s use 
of it, the results he gets, and the relative 
importance of various factors of telephone 
design. 

For such reasons, not only must labora¬ 
tory performance tests be supplementary 
and subsidiary to field tests, but addi¬ 
tional field tests must be the basis for 
determining the effect of any major 
changes in design, whether or not those 
changes are electrical, acoustical, or 
purely mechanical. 

Considerations of this sort emphasize 
the importance of having clearly and ex¬ 
plicitly in mind the conditions and rela¬ 
tionships of direct conversation, as a 
general reference for the interpretation 
and explanation of the effects of tele¬ 
phone design on telephone conversations; 
The sidetone ordinates of figure 5, for ex¬ 
ample, not only suggest the difference in 
function of the antisidetone circuit in 
transmitting and receiving, but also em¬ 
phasize the fact that the over-all side- 
tone resulting from the combination of 
circuit, instruments, and method of use, 
is the important factor rather than the 
sidetone circuit efficiency only. Such 
matters are easily lost sight of, if design 
is not properly co-ordinated in its correct 
perspective. 

The reduction of sidetone provided by 
the antisidetone sets is of further ad¬ 
vantage in two rather different ways. 

In attaching a transmitter (which is an 
amplifier) and a receiver, to a common 
handle which mechanically couples the 
two, a condition is set up in which the 
gain under certain conditions may ex¬ 
ceed the loss in the path made up of 
handle, air, and electrical sidetone cir¬ 
cuit. Sustained oscillation, or howling, 
will then result between transmitter and 
receiver. Even if this point is not 
reached, but is approached within six 
decibels or so, impairment of quality re¬ 
sults from incipient oscillation. The 
greater sidetone circuit loss of the anti¬ 
sidetone circuit provides an additional 
margin of safety against any such con¬ 
dition. 

The granular carbon of the transmitter, 
and the design of the transmitter itself 
must be carefully controlled, or seri¬ 
ous noise—transmitter “burning”—will 
cause noise in the receiver of the set. 
The mechanical and electrical wear and 
tear of service tends to make this trans¬ 
mitter noise worse. In the new trans¬ 
mitters this “burning” has been kept at a 

low inherent value throughout life. The 
antisidetone circuit, however, provides a 
margin of safety against the small amount 
remaining, so that with this set there is 
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8—POSSIBLE SINGLE-CONDENSER ARRANGEMENT 


Figure 6, Ringing arrangements for party-line 
service 

less likelihood of transmitter noise caus¬ 
ing impairment of reception. 

Reduced Suscepttveness 

to Interference 

It will be noted from the schematic 
circuit drawing figure 2 that two conden¬ 
sers are used in the new sets, one in the 
antisidetone transmission circuit, and a 
separate one with the ringer. In some 
types of party-line practice, the ringer of 
the set is connected for some parties from 
one side of the line, and for the others from 
the other side to ground. 

Figure 6 shows schematically two such 
ringing arrangements during the condi¬ 
tions of conversation, 6 a as used in the 
new sets, and 66 with one condenser com¬ 
mon to transmission and ringing circuits. 
It will be noted that in the standard cir¬ 
cuit adopted (figure 6a), if any longitu¬ 
dinal noise voltages exist between the 
central office and station grounds, there is 
an equal voltage drop from each side of 
the line to ground through the ringing 
paths (assuming the two ringer condenser 
paths to be identical). The voltage drop 
across the terminals of the talking set is 
therefore zero and no noise results. 

If the arrangement of figure 66, cor¬ 
responding closely to previous designs, 
were used, however, this condition would 
not obtain. The condenser of the sta¬ 
tion in use being common to the trans¬ 
mission circuit as well as the ringing cir¬ 
cuit, the noise voltage drop across this 
condenser is introduced in the transmis¬ 
sion circuit In addition there are other 
paths to ground from each side of the line 
through the transmission circuit which 
are not of equal impedance. The net re¬ 
sult is a residual noise current through the 
receiver of the talking circuit. 

In the actual case, the impedance of 
all ringers and condensers is not identical 
and there are often more parties con¬ 
nected to one side of the line than the 
other. Even tinder these relatively un¬ 
favorable conditions, however, the two- 
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condenser arrangement adopted reduces 
the susceptiveness of the set to interfer¬ 
ing noise by as much as 15 decibels. A 
further material reduction is realized by 
the high impedance of the ringer used in 
the new sets, so that in most cases inter¬ 
fering noise at grounded ringer stations 
will not differ materially from that at 
individual stations where the ringer is 
bridged across the line. 

It is interesting to note that this im¬ 
provement is realized at little additional 
cost, since the transmission condenser, 
which must be of relatively high capaci¬ 
tance, is permanently bridged by thetrans- 
raitter, so that it is protected from ex¬ 
posure to any large voltages, and may be 
of cheaper construction and smaller in 
size than would otherwise be the case. 
The ringing condenser on the other hand, 
while it must be constructed to withstand 
higher voltages, may be of relatively 
small capacitance, which gives more uni¬ 
form and better ringing and dialing per¬ 
formance. 

Characteristics 
of Transmitter and Receiver 

Since the individual design character¬ 
istics of the new transmitter and receiver 
are discussed elsewhere, 1 attention here 
will be centered on the over-all effects of 
these characteristics in the complete 
transmission system, as indicated both 
by laboratory and by field test. As 
stated before, the problem may be more 
or less arbitrarily separated into three 
correlated problems—volume, quality, 
and noise. 

As in the case of sidetone, these prob¬ 
lems appear, perhaps, more nearly in a 
proper perspective, if considered in com¬ 
parison with the corresponding factors in a 
direct conversation. It must be remem¬ 
bered that telephone service does not 
consist in the provision of a mechanism, 
per se, but in the provision of facilities 
for conversation, to which the mechanism 
should be incidental, however important 
Since the inherent conditions of such a 
conversation are quite different in many 
respects from those of a direct conversa¬ 
tion with which, consciously or uncon¬ 
sciously, it will be compared in its over¬ 
all results, the parallelism in detail should 
not be too exact. Departures from the 
conditions of direct conversation in cer¬ 
tain respects which are relatively un¬ 
avoidable, may be best compensated for 
by deliberate departure in certain other 
respects. For example, the physical ab¬ 
sence of one party to the telephone con¬ 
versation, and the monaural nature of 
such a conversation, may be partially 
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compensated for by delivering to the ear 
of the listener a somewhat higher speech 
level than he is accustomed to in direct 
conversation. The limitation of fre¬ 
quency band width imposed on the tele¬ 
phone medium, largely for economic rea¬ 
sons, may be minimized in its effects if the 
transmission characteristics in the avail¬ 
able band are other than a facsimile of the 
corresponding band in direct conversa¬ 
tion. All such measures must be em¬ 
ployed with knowledge of their effect on 
the ultimate objective, that the telephone 
conversation may be easy and natural. 

General Requirements 

It is easily seen that for any particular 
over-all frequency characteristic of a 
telephone transmission system, there are 
practically an infinite number of ways in 
which it can be split up between trans¬ 
mitting and receiving characteristics. 
From this standpoint alone, then, there 
is no particular “best” transmitter or re¬ 
ceiver frequency response. From other 
standpoints, however, certain general 
types of individual characteristics, both 
in frequency and efficiency, are to be pre¬ 
ferred to others, particularly when con¬ 
sidered in their practical application to an 
already existing telephone system. It 
has been pointed out 9 that, in general, de¬ 
velopment has been toward a telephone 
system where both transmitter and re¬ 
ceiver are relatively uniform in their fre¬ 
quency characteristics. Induced noise 
appears to be so evenly distributed with 
frequency that such response would not 
appear to magnify the interference prob¬ 
lem. 

Transmitting efficiency should be as 
high as required to keep the speech well 
above induced noise but not so high as to 
cause excessive crosstalk into other tele¬ 
phone circuits. The maximum desirable 
received level is determined for a given 
telephone system by the limitations of the 
human ear in accepting with comfort 
speech levels above a certain intensity. 
Finally, the practical necessity of working 
as satisfactorily as possible in conjunc¬ 
tion with the telephone transmitters, re¬ 
ceivers, and sets in the existing plant dur¬ 
ing the period of transition, places a prac¬ 
tical limitation on the amount of change 
that is desirable in relative levels of either 
transmitting or receiving. 

With regard to frequency range, pre¬ 
vious work 10 indicated the desirability of 
designing circuits to transmit frequencies 
from 200 or 300 cycles up to about 3,000 
cycles. Gains in articulation and natu¬ 
ralness are realized by increases in this 
band width, but are progressively smaller 
for successive equal increments in fre- 
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quency. A 3,000-cycle band properly 
used gives good transmission both in 
articulation and naturalness, but fre¬ 
quency limitation is essentially an eco¬ 
nomic one, subject to change as conditions 
change. Recent work on the new multi¬ 
ple-channel carrier systems has indicated 
justification in these systems for provid¬ 
ing a somewhat wider band, from about 
150 to about 3,500 cycles. 11 

Over-all Frequency Response 

In describing the frequency character¬ 
istic of a transmission system it has be¬ 
come customary to refer to it as more or 
less “flat/* where “flat” is assumed to be 
synonymous with “perfect” as far as the 
relative transmission of various fre¬ 
quencies is concerned. In measurements 
of the elements of an electrical circuit, from 
which this terminology came, the word 
is useful since, when the measurements are 
properly made, at any rate, the basis of 
comparison implied by the word “flat” is 
generally understood. This is also true, 
although probably to a more limited ex¬ 
tent than is generally realized, when the 
term is applied to electroacoustic trans¬ 
mission systems, where free progressive, 
plane air waves of various frequencies are 
transferred to an electrical system, or 
vice versa, by means of microphones or 
loud speakers. 

In the case of a telephone system, how¬ 
ever, where a transmitter is placed dose 
to the lips, and a receiver directly to one 
ear, and where the air waves are not free 
progressive, or plane, use of the word 
“flat” implies a basis of comparison 
which is not self-evident. Much effort 
has been given recently to establishing an 
appropriate reference system, suffidently 
simple in concept and ease of specification, 
to be useful in this connection. The re¬ 
sult of this work has been a reference tele¬ 
phone system which, when spoken into, 
would give the listener in all respects es¬ 
sentially the identical sensation he re¬ 
ceives in one ear when facing the speaker 
directly, with an air path one meter long 
between the speaker’s mouth and the lis¬ 
tener’s ear, in surroundings without re¬ 
verberation or noise. Such a reference 
transmission system has tentatively been 
called an “orthotelephonic” system. 

The point of interest here is that when 
measured by any suitable objective 
method, the frequency characteristic of 
this “orthotelephonic” telephone reference 
system is not “flat” by a considerable 
amount in the ordinarily accepted usage of 
the term. This departure from “flatness” 
is caused by such factors as the frequency 
directive characteristic of the mouth, 
cavity resonance of the ear, and disturb¬ 
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ance of the sound field by the head. The 
individual contribution of some of these 
factors is not as yet definitely determined. 

Furthermore, for reasons mentioned, 
it is not self-evident that a practical tele¬ 
phone system of limited frequency range, 
should be “flat” with respect to the cor¬ 
responding frequency band in this more 
or less basic orthotelephonic system 
which is not limited in frequency range. 
Having decided on the band width that 
is desirable and justifiable, it must still 
be determined, therefore, what particular 
frequency characteristics are preferable in 
this band. 

In selecting from the many possible 
choices, the particular frequency re¬ 
sponse that seems best, several factors 
must be taken into account. This has been 
done by a study (under the conditions 
of actual service) of the relative results of 
several different experimental instrument 
designs, varying in frequency character¬ 
istics. The over-all frequency character¬ 
istics of the resultant choice are indicated 
for two typical circuit conditions in figure 
7. These measurements were made with 
the artificial mouth and ear 12 and are 
plotted with reference to corresponding 
measurements on an orthotelephonic ref¬ 
erence telephone system. For compari¬ 
son. the results of similar tests of the 
earlier Bell System handset 13 are shown 
also. 

In considering these over-all telephone- 
system frequency-response characteris¬ 
tics in the light of previous discussion, 
there are several points of interest: 

1. The large increase in response at both 
higher and lower frequencies with respect 
to the older handset, which in itself was a 
notable advance in this respect over pre¬ 
vious types. This increase amounts to ten 
decibels or more from about 200 to 500 
cycles and from about 1,700 to 3,000 cycles. 
This wider frequency range gives better 
naturalness of reproduction. 

2. The type of the response. The general 
uniformity and absence of any marked 
resonance or irregularity is obvious. For 
either average or long loops the entire band 
from about 300 to over 3,000 cycles lies 
within a range of 15 decibels. It will be 
noted, however, that, for the average con¬ 
dition, the response at the higher fre¬ 
quencies (1,500-3,000 cycles) is distinctly 
above that for the frequencies below 1,500 
cycles. This characteristic aids materially 
in the understanding of the low-intensity 
consonant sounds. The response on the 
longer loops would undoubtedly he corre¬ 
spondingly better if the high frequencies 
were raised so that the over-all characteristic 
more nearly resembled that for the average 
condition shown. It should be remembered, 
however, that for a standard set, to be used 
on all loop conditions, a response designed 
solely for the long loop, with its large loss 
at high frequencies, would be distinctly 
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“tinny” and disagreeable in quality on 
average or short loops. 

3. The materially smaller losses in the 
transmitted band for the average telephone 
connection than for the orthotelephonic 
system. Even for the long loop conditions 
the losses are no greater than for this ortho¬ 
telephonic system up to about 2,200 cycles. 
In other words, for a large majority of tele¬ 
phone calls the received speech level will be 
higher for the same talking level than in the 
case of direct conversation at one meter 
distance. The desirability of this in a 
monaural system of limited frequency range 
has already been indicated. 

Combined Effects 
of Circuit and Instruments 

The part played by the antisidetone 
circuit in permitting better utilization by 
the subscriber of the capabilities of the 
telephone system, in increasing the level 
of received speech, and minimizing the 
effect of noise is summarized by the illus¬ 
trative power level diagrams in figure 8, 
using typical values of room and line 
noise and other conditions. 

The data shown were obtained by ob¬ 
jective measurements with the artificial 
mouth, sound level meter, volume indica¬ 
tor, and artificial ear. Frequency weight¬ 
ings appropriate to the levels involved 
were employed in the sound level meas¬ 
urements. 

Figure 8a shows, for the antisidetone 
set, the losses between the talker 'and 
listener under average room noise and 
circuit conditions. Figure 85 gives cor¬ 
responding information for the sidetone 
set. For comparison, an approximate 
level diagram is shown also for direct 
speech. The relative speech levels at 
the transmitter for the two telephone 
conditions were adjusted to give volume 
indicator readings on the line in accord¬ 
ance with the results of service observa¬ 
tions. The upper curves in each drawing 



Figure 7. Over-all orthotelephonic frequency 
response of typical telephone connections 
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Figure 8. Power-level diagrams of typical 
telephone connections 

are for speech and the lower for noise 
picked up by the transmitters. 

At the transmitting. end, the lower 
sidetone of the antisidetone set results in 
higher talking levels, with about four 
decibels higher speech level at the input 
to the circuit In the over-all circuit, 
this gain is increased by the receiving 
end effect of the antisidetone circuit in 
mini m izing the effect of room noise. 

The total noise in the telephone ear, 
as shown on the drawing, has as its princi¬ 
pal contributing factors, 

1. Leakage of noise under the receiver cap. 

2. Noise picked up by the transmitter and 
returned via the sidetone path and receiver 
to the listener’s ear—termed “return noise.” 

3. Circuit noise. 

4. Room noise picked up at the far end and 
transmitted over the circuit. 

The different relative contribution of 
the “return noise” for the two sets is of 
interest. The net result is a total noise 
in the telephone ear, lower than the ac¬ 
tual room noise for the antisidetone set, 
and higher for the sidetone set. 

For the circuit and room noise con¬ 
ditions shown, the ratio between re¬ 
ceived speech level and noise is about 25 
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decibels for the sidetone condition, and 
35 decibels for the antisidetone. The 
corresponding ratio for air transmission 
to one ear under the conditions shown is 
the order of 20 decibels. 

Results of Laboratory and 
Field Performance Tests 

It has been seen that the new sets are 
superior in volume and in minimizing 
the disturbances of noise. The frequency 
measurements just discussed have indi¬ 
cated marked superiority also in the 
quality of reproduction. 

One measure of the effect of this re¬ 
duced distortion is by means of the artic¬ 
ulation test. Such tests have shown that 
for a typical telephone system equipped 
with the new telephone sets, 95 per 
cent of the letter sounds spoken into the 
transmitter are correctly understood by 
the listener. With air transmission, 98 
or 99 per cent of letter sounds are cor¬ 
rectly understood. The difference is 
almost entirely due to the broader fre¬ 
quency band transmitted by the air 
path. 

With the final designs of the new sets, 
tests have been made by the methods de¬ 
veloped for determining “effective**^ trans¬ 
mission. 2 The results of these tests 
have shown that .the new sets under the 
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conditions of actual service provide a 
marked advance in transmission per¬ 
formance. The average total transmit¬ 
ting and receiving gain is about 15 decibels 
on the effective basis of transmission, as 
compared to sets of the sidetone type 
used with the older type of instruments. 13 


Conclusion 


In general, it appears that the notable 
transmission improvement which has 
been achieved in the design of the new 
telephone sets, in their freedom from dis¬ 
tortion, higher effective volume, lower 
sidetone, and general convenience in use, 
makes possible a closer approach to the 
ease of a direct conversation than has 
hitherto been possible commercially. 

Undoubtedly, further improvements in 
station transmission performance will, 
as in the past, be forthcoming with ad¬ 
vances in the technique of design and 
manufacture, and in further knowledge 
of the requirements of the problem. 
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Noise Co-ordination of Rural Power and 
Telephone Systems 

By H. W. WAHLQUIST T. A. TAYLOR 
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T HE co-ordination of telephone and 
power systems has been studied for 
about 15 years under the auspices of the 
Joint Subcommittee on Development 
and Research of the Edison Electric 
Institute and the Bell Telephone System. 
Until 1935 the noise frequency studies on 
distribution systems related chiefly to the 
types of systems employed in urban and 
suburban areas. 1 Between 1935 and 
1937, the work was extended to include 
rural power and telephone systems, which 
differ in several respects from the systems 
employed in urban areas. Measure¬ 
ments of power circuit influence and tele¬ 
phone circuit noise were made on a 
number of representative rural systems 
in Nebraska, Iowa, Michigan, Ohio, 
Indiana, and Virginia, with the co-opera¬ 
tion of the operating companies. These 
tests were supplemented by a theoretical 
analysis of the problem. 

The investigation of the joint subcom¬ 
mittee indicates that it is generally prac¬ 
ticable to secure satisfactory co-ordina¬ 
tion of power and telephone facilities in 
rural areas from the noise standpoint with 
the types of power and telephone systems 
ordinarily employed when the inductive 
influence of the power circuits and the 
inductive susceptiveness of the telephone 
circuits are properly controlled. Such 
control of influence and susceptiveness 
includes the following: 

1. Maintenance of relatively good voltage 
wave shape on the power system (i.e., har¬ 
monies arising in generators, transformers, 
and loads confined to relatively small 
magnitudes). 

Paper number 38-78, recommended by the AIEE 
committees on power transmission and distribution 
and communication, and presented at the AIEE 
summer convention, Washington, D. C„ June 20- 
24, 1938. Manuscript submitted April 28, 1938; 
made available for preprinting May 31, 1938, 

H. W. Wahlquist is assistant engineer, Edison 
Electric Institute, New York, N. Y.; T. A. Taylor 
is a member of the technical staff. Bell Telephone 
Laboratories, Inc., New York, N. Y. 

1. For all numbered references, see list at end of 
paper. 
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2. Suitable distribution of the loads and 
lengths of single-phase branches among the 
phases of three-phase power circuits. 

3. Use of metallic telephone circuits with 
series and shunt unbalances to ground main¬ 
tained within reasonable limits. 

4. Suitable transposition of the telephone 
wires with respect to the power line. 

5. Use of the higher impedance type of 
ringers where grounded ringers are required 
for party line service. 

In particular cases, special co-ordina- 
tive measures may need to be employed 
in order to secure satisfactory condi¬ 
tions. The purpose of this paper is to 
discuss the factors affecting the induc¬ 
tive influence of rural power circuits and 
the inductive susceptiveness of rural tele¬ 
phone circuits. A summary is included 
of the more promising co-ordinative meas¬ 
ures at present available for use in par¬ 
ticular situations where such may be re¬ 
quired. No attempt is made to present 
the large body of experimental and theo¬ 
retical material which has been collected 
during this study, since this is available in 
other publications. 2 

The types of power distribution cir¬ 
cuits usually encountered in rural areas 
are illustrated in figure 1, with the types 
of three-phase main lines and single¬ 
phase extensions indicated separately. 

A distinction is made between single- 
phase extensions directly connected to 
three-phase systems and those supplied 
through a step-down or step-up trans¬ 
former. The latter arrangement is fre¬ 
quently used to provide an extension 
of different type or voltage from an ex¬ 
isting system. In the systems tested 
during this study, these single-phase 
supply transformers ranged in capacity 
from 15 to 100 kva. In some cases, three- 
phase rural distribution systems serve also 
as lower voltage transmission systems 
supplying power to small towns in which 
a lower primary voltage is used. 

The power distribution circuits in ur¬ 
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ban or suburban areas are generally rela¬ 
tively short and operate at high load den¬ 
sities. In rural areas, however, the dis¬ 
tribution circuits tend to be longer and 
to operate at lighter load densities. On 
rural lines, therefore, harmonic charging 
currents and propagation effects, which 
are usually negligible in urban areas, 
may become of primary importance. The 
connected capacity of single-phase load 
transformers on the circuits tested ranged 
between 2 and 20 kva per mile of circuit. 
The lengths of the three-phase circuits 
tested ranged up to 65 miles, and indi¬ 
vidual single-phase extensions as long as 
30 miles were encountered. 

The inductive influence of a power sys¬ 
tem from a noise standpoint is determined 
by the magnitudes of the balanced and 
residual harmonic voltages and currents 
existing at various points. That portion 
of the harmonic residual current which 
returns in a path remote from the line 
conductors is often termed the “ground- 
return” current. The telephone in¬ 
fluence factor ( T.I.F .) of a power system 
current or voltage 3 ’ 4 in an inductive ex¬ 
posure is used as an index of the influence 
of that particular current or voltage on 
the noise-frequency induction in the 
exposed telephone circuits. It is the 
usual practice to express the influence of 
a current in terms of the product of its 
magnitude in amperes times its T.I.F., 
this product being abbreviated as I* T. 
Similarly the influence of a voltage is 
expressed as the product of its magni¬ 
tude in kilovolts times its T.I.F., this 
quantity being abbreviated as KvT. 
These terms are used in this paper to ex¬ 
press the influence of the balanced and 
ground-return currents, and balanced 
and residual voltages of rural power cir¬ 
cuits. 

Go-ordinated tests in exposure sections 
at roadway separations have shown that 
ground-return harmonic currents and har¬ 
monic residual voltages are generally the 
controlling factors in the influence of 
rural distribution circuits, rather than the 
corresponding balanced components. In 
exposures to the main power line, or 
whenever several miles of line extend 
beyond the exposure, the wave shape and 
magnitude of the ground-return current 
(FT) is usually the controlling factor 
in the over-all influence. For exposures 
near the end of a main line, or at any 
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Figure 1. Types of 
rural power distribu¬ 
tion systems 


grounded neutral, the residual voltage is 
substantially equal to the phase-to-neu- 
tral voltage, since the neutral is at ground 
potential. The same is true of a uni- 
grounded extension at the point where 
the neutral is grounded. However at 
points remote from the grounding point, 
the harmonic voltage from the neutral 
wire to ground may be comparable with 
the harmonic voltage from the phase 
wire to ground. The vector sum of the 
two voltages-to-ground (residual voltage) 
may therefore be considerably different 
from the voltage between the phase and 
neutral wires. 

The range of residual Kv-T measured 
on various types of rural power circuits, in 
relation to the corresponding phase-to- 
ground Kv-T, is indicated in table I. 

.Ground-Return Harmonic Currents 

The components which may contribute 
to the ground-return current (PT) in a 
rural power line may be conveniently 
classified as: 

(a) Harmonic charging currents. 

(b) Harmonic components of the load cur¬ 
rent. 

(c) Harmonic exciting current components 
arising in transformers and harmonics 
originating in connected loads. 


point along a short single-phase extension, 
the wave shape and magnitude of the 
residual voltage (Kv T) is usually the 
most important factor. Therefore, these 
residual components are of chief interest 
in any discussion of the influence of rural 
power circuits. 

Residual Harmonic Voltages 

Residual voltages appear on three- 
phase power systems operated isolated 
from ground (figure L4) as a result of 
the action of the balanced voltages on the 
unbalanced impedances-to-ground of 
the phase conductors. These impedances 
depend chiefly upon the length of circuit 
connected to each phase. Consequently, 
the residual voltages on a three-phase 
isolated system tend to be least when 
equal lengths of extensions are connected 
to each phase. Practically no residual 
voltage exists on a single-phase circuit 
supplied through a single-phase trans¬ 
former and operated isolated from ground 
(figure 17). 

On three-phase systems operated with 
grounded neutral, residual harmonic volt¬ 
ages may either (1) be impressed directly 
upon the system, as in the case of triple 
harmonic voltages arising in direct- 
connected generators or a wye-wye trans¬ 
former bank without tertiary delta, or 


(2) arise as a result of the action of bal¬ 
anced voltages upon unequal impedances- 
to-ground of the line conductors or con¬ 
nected loads. On single-phase exten¬ 
sions consisting of a phase wire and multi- 


The equivalent circuits of figure 2 il¬ 
lustrate the behavior of these three com¬ 
ponents on different types of single-phase 
lines. In the case of circuits 2A and 2 B, 
the ground-return LT is practically all 


Tabic I. Summary of Influence of Rural Power Circuit Voltages 


Number Voltage Phase-to-Ground D ,. Res. KvT 

Cases T.I.P. _ Kv-T Rati0 Ph-Gnd KvT 

Type of Power Circuit Tested Avg. Min, Max. Avg. Min. Max. Avg] Mil MiuT 


Three phase—11-13 kv 


Three-wire delta . 

1 ... 

..13.. 


. 87.. 

n i a 



Pour-wire-uni—from A-Y 








banks . 

. 7. .. 

. .17.. 

- 7. . 

36 124 


A in 

,.2.1 

Four-wire-uni—from direct 






...0.16.. 

connected generator . 

Four-wire-multi—from A-Y 

. 8... 

..13.. 

. 6.. 

. 24... 95.. 

. 60...170...1.7.. 

...1.3 .. 

..2.2 

banks. .. 

.12. .. 

. .21. . 

. 8. . 

62...151.. 

AH Aen n n 


..1.8 

Four-wire-multi—from direct 





. ou .,. aou ... u , y ... 

.. .0.4 ., 

connected generator . 

. 0... 

..14.. 

. 9.. 

. 19...106.. 

. 70...150...1.8. .. 

..0.92... 

.2.13 


Single phase directly connected 


to three phase 


11 kv Delta.. 


...20. 

.15. 

7.6 kv Delta. 

. 1 .. 

...12, 


Uni. 

. 4.. 

..17. 

.U. 

Multi. 

.. 4.. 

..17. 

.11. 

2.3 kv Delta.. 

. 3.. 

..26.. 

. 8. 

Uni. 

.. 3.. 

..19.. 

.16. 

Multi. 

. .4., 

..21,. 

.19. 

Single phase supplied 

through 



transformer 



6.9-7.2 kv Isolated. 

.. 1 .. 

.17.. 


Uni. 

. 8.. 

..39.. 

.16.. 

Multi... 

.11.. 

..34.. 

.12., 

4.8 kv Isolated. 

.2.. 

..37.. 

.35.. 

Uni. 

.3.. 

..40.. 

.13.. 

Multi... 

.8.. 

..53.. 

.11.. 

2.4 kv Isolated. 

....... 2.. 

..40.. 

.35.. 

Uni. 

.2.. 

..37.. 

.30.. 

Multi... 

.. 3.. 

..40.. 

.13.. 


. 24. ..127... 95.. .169.. .0.71. ...0.47_0.05 

.fiO.0.74 

. 22...128...110...166...1.03....1.0 ....1.08 

..27...129... 85...210...1.0.1.0 ....1.0 

. 40... 36... 11... 55. ,.0.49_0.40_0.62 

. 23... 46... 39... 56...1.0.1.0 ....1.0 

. 23... 49... 46... 56...1.0.1.0 1.0 


•••••• .0.006 


. 92. 

.276.. 

.105.. 

.660. 

.1.0 

..1.0 . 

..1.0 

.104. 

.246.. 

. 83.. 

.750. 

..1.0 

,.1.0 . 

..1.0 

. 38. 

. 88.. 

. 85.. 

. 90. 

..0.034 

..0.034. 

..0.030 

. 57. 

.191.. 

. 64.. 

.280. 

..1.02 

..0.95 . 

..1.06 

.172. 

.258.. 

. 60.. 

.830. 

..1.0 

..1.0 . 

..1,0 

. 45. 

. 46.. 

. 40.. 

. 52. 

..0.017 

..0.015. 

..0.02 

. 44. 

. 90.. 

. 72.. 

.108. 

. .0.97 

..1.0 . 

.,0.93 

. 55. 

. 93.. 

. 30.. 

.130, 

. .1.0 

..1.0 . 

..1.0 
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Table III. Summary of Influence of Rural Power Circuit Currents 


due to charging current, the load and 
exciting currents being confined to the 
line wires. The charging current is a 
function of the residual voltage impressed 
on the circuit and the impedance-to- 
ground, which in turn is dependent on the 
extent of the system. The impedance- 
to-ground of these systems is not affected 
by loads, although the voltage wave 
shape of the system may be modified by 
the presence of load, or harmonics gen¬ 
erated in loads. 

In the case of the multigrounded cir¬ 
cuit (figure 2C), the ground-return I-T is 
contributed to by harmonic components 
of (1) ground-return charging currents, 
(2) load currents, and (3) transformer 
exciting currents. 

The magnitude of the ground-return 
charging current component at any fre¬ 
quency depends upon the voltage im¬ 
pressed on the ground-return circuit and 
on the impedance-to-ground 2 of the cir¬ 
cuit, neglecting loads, as seen from the 
point where the voltage is impressed. 
Sample curves of the calculated im¬ 
pedance-to-ground of a single-phase line 
are given in figure 3, showing the effect 
of frequency and circuit length. The 
maximum current results when the cir¬ 
cuit length is such that series resonance 
(quarter wave length) occurs at the par¬ 
ticular frequency in question. The 
higher the frequency, the shorter will be 
the circuit length for which resonance 
occurs. 

Comparing the curves of figure 3 for 
the multigrounded and unigrounded con¬ 
dition, it appears that the impedance-to- 
ground of the shorter multigrounded cir¬ 
cuits (i.e., less than quarter wave length) 
is higher than that of the comparable uni¬ 
grounded circuit at any given frequency. 
This is one reason for the decrease in the 
ground-return charging current which 
often results when a circuit is converted 
from unigrounded to multigrounded op¬ 
eration. An additional effect results 


Table II. Average Ground-Return I-T and 
180, 300, and 420-Cycle Currents in Single- 
Phase Multigrounded Circuits Due to Trans¬ 
former Exciting Current 



Primary Ground-Return* I-T and 
Mils in Ground Per Kilovolt-ampere 


of Connected Single-Phase Trans- 



former 




Mils, 

Mils, 

Mils, 

Primary 


180 

300 

420 

Voltage 

IT 

Cycles 

Cycles 

Cycles 

2,400 

....0.6. 

.. .5.0.. 

..1.3... 

.0.3 

4,800 

.... O'. 3. 

...2.5.. 

.,0.6... 

,.0.15 

6,900-7,600. 

....0.2. 

...1.7.. 

..0.4... 

.0.10 


* These ground-return values are taken as 60 per 
cent of the phase values. 


Number „ _ 

Gases Voltage TJLF. 

Phase I-T 
Product 

Ratio 

Gnd. Ret. I T 
Phase I T 

Tjrpe of Power Circuit Tested Avg. Min. 

Max. Avg. 

Min* 

Max. Avg. 

Min. Max. 

Three phase—11-13 kv 

Three-wire delta. 

.. 4.. 

.13.. 

... . . 


..220. 

..100... 

320...0.55. 

..0.16...0.80 

Four-wire-uni—from A-Y banks. 
Four-wire-uni—from direct con- 

.. 7.. 

.17.. 

. 7.. 

. 36. 

..400. 

.. 40... 

790...0.42. 

..0.16...0.92 

nected generator. 

.. 9.. 

.13.. 

. 6.. 

. 24. 

.430. 

. 60... 

650...0.79. 

..0.34...1.17 

Four-wire-multi — from A-Y 

banks. 

Four-wire-multi — from direct 

..12.. 

.21.. 

. 8.. 

. 62. 

.515. 

. 40... 

1730...0.36. 

..0.10...0.81 

connected generators. 

.. 9.. 

.14.. 

. 9.. 

. 19. 

..470. 

. 60... 

820...0.6 . 

..0.51...0.83 

Single phase directly connected to 

three phase 









7.2-7.6 kv Delta. 

.. 1.. 

.12.. 



..110. 


.0.41 


Uni. 

.. 4.. 

.17.. 

.14.. 

. 22. 

..170. 

. 45... 

250...0.82. 

..0.78...0.86 

Multi. 

.. 4.. 

.17.. 

.11.. 

. 27. 

..170. 

. 40... 

250...0.62. 

..0.58...0.64 

2.3 kv Delta. 

.. 3., 

.26.. 

. 8.. 

. 40, 

..175. 

. 38... 

400...0.09. 

..0.07...0.11 

Uni. 

.. 3.. 

.19.. 

.16.. 

. 23. 

.. 72. 

. 7... 

140...0.44. 

..0.39...0.50 

Multi. 

.. 4.. 

.21.. 

.19.. 

. 23. 

.. 90. 

. 7.. 

175...0.51. 

. .0.43...0.62 

Single phase supplied through 
transformer 


.. 1.. 

.17.. 



.160. 


.0+ 


Uni. 

.. 9.. 

.39.. 

.16.. 

. 92. 

..106. 

. 23... 

350...0.75. 

..0.28...0.94 

Multi. 

..12.. 

.34.. 

.12.. 

.104. 

..143. 

. 30... 

535...0.61. 

..0.50...0.65 

4.8 kv Isolated. 

2.. 

.37.. 

.35.. 

. 38. 

..170. 

. 50... 

290...0+ . 

..0+ ...0 + 

Urn. 

.. 3.. 

.40.. 

.13.. 

. 57. 

..215. 

. 80... 

430...0.82. 

..0.63...0.96 

Multi.... 

..10.. 

.53.. 

.11.. 

.172. 

..146. 

. 32... 

560...0.60. 

..0.50...0.70 

2.4 kv Isolated. 

.. 2.. 

.40.. 

.35.. 

. 45. 

..200. 

.110... 

285...0+ . 

..0+ ...0 + 

Uni. 

2.. 

.37.. 

.30.. 

. 44. 

..245. 

.130... 

360...0.30. 

..0.28...0.31 

Multi. 

.. 3.. 

.40.. 

.13.. 

. 55. 

..240. 

. 85... 

480...0.60. 

..0.49...0.69 


from the reactive component of the load 
current, which combines with the charg¬ 
ing current at such an angle that further 
reduction in the ground-return current 
may result in the multigrounded case. 
In cases where the conversion results in 
changes in the residual voltage, or where 
the system is extensive (between quarter 
and half wave length), the change from 
uni- to multigrounded operation may 
either decrease or increase the ground- 
return charging current at a particular 
frequency. 

As indicated in figure 2 C, on a multi¬ 
grounded circuit the loads are in parallel 
with the capacitance-to-ground and the 
ground-return components of the load 
and transformer exciting currents, there¬ 
fore, add vectorially to the ground-return 
harmonic charging currents. In the 
case of multigrounded single-phase cir¬ 
cuits having phase and neutral wires 
of the same size and material and of the 
usual configurations, about 60 per cent 
of the phase current returns through the 
earth and the remaining 40 per cent in 
the neutral wire. This division holds 
for the charging current as well as for 
the load and exciting components. 

In the single-phase unigrounded line, 
large phase displacements occur between 
the phase wire, neutral wire, and ground- 
return currents. Consequently the 
ground-return TT expressed in per cent 
of the phase TT may range from about 
40 to well over 100 per cent. For the 
fundamental frequency and the lower 
harmonics, the percentage of phase cur¬ 


rent returning in the ground is smaller 
in the unigrounded than in the multi¬ 
grounded circuit. 

Table II summarizes the average 
exciting ground-return TT and the in¬ 
dividual ground-return current com¬ 
ponents at 180, 300, and 420 cycles per 
kilovolt-ampere of connected trans- 
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Figure 2. Schematic circuits of single-phase 
rural power lines 
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Figure 3. Impedance-to-ground of single¬ 
phase power line 


former capacity which may be expected 
on multigrounded single-phase extensions 
operating at various voltages. These 
values are based on a transformer having 
a root-mean-square exciting current of 
five per cent of the rated full-load cur¬ 
rent, and increase or decrease approxi¬ 
mately in proportion as this percentage 
is greater or less than five per cent. They 
are based on average harmonic exciting 
currents, in per cent of root-mean-square 
exciting current, of 40, 10, and 2.5 per 
cent at 180, 300, and 420 cycles, respec¬ 
tively. 

The relative magnitudes of the three 
components contributing to the ground- 
return IT of a rural line operated with 
multigrounded neutral are usually such 
that the charging currents tend to con¬ 
trol on the longer and higher voltage cir¬ 
cuits, while the load and exciting current 
components are apt to predominate on 
the shorter and lower voltage circuits. 
For a given impressed residual voltage, 
the ground-return charging current of a 
circuit operated with multigrounded 
neutral is usually somewhat less than 
that of the same circuit operated uni- 
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grounded. Consequently, where the 
charging current is controlling in the mul¬ 
tigrounded case, the inductive influence 
tends to be less for multigrounded neu¬ 
tral than for isolated or unigrounded neu¬ 
tral operation. Conversely, where load 
and exciting currents become the con¬ 
trolling factors under the multigrounded 
neutral condition, the influence is usually 
greater for multigrounded operation. 

The range of ground-return IT ob¬ 
served on a number of rural lines of. 
various voltages and types is indicated in 
table III. In this table the ground- 
return IT is expressed in terms of the 
corresponding phase IT* The range of 
phase IT and voltage T.I.F. observed 
in the various systems is also given for 
reference. 

Comparison of Influence of 
Different Types of Systems 

The relative influence under average 
wave shape conditions of different neu¬ 
tral grounding arrangements for systems 
of a given voltage class may be sum¬ 
marized as follows: 

(1) Three-Phase Systems 

In the 6.9 to 13.2-kv voltage range the in¬ 
ductive influence of an extensive three- 
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Figure 4. Schematic diagrams illustrating 
induction and susceptiveness of rural tele¬ 
phone circuits 


phase four-wire rural distribution system 
with metallically connected single-phase 
extensions is on the average, about the same 
for either multigrounded or unigrounded 
neutral operation. In this voltage range, 
the influence of the three-phase three-wire 
delta circuits tested was within the limits 
observed on multigrounded and unigrounded 
neutral four-wire systems. 

In the 2,3 to 4-kv voltage range the induc¬ 
tive influence of four-wire multigrounded 
neutral rural systems is generally somewhat 
higher than that of four-wire unigrounded or 
three-wire systems. 

(2) Single-Phase Extensions 

In the 7-kv class single-phase exten¬ 
sions connected either metallically or 
through transformers have a somewhat 
lower influence for multigrounded neutral 
operation than for unigrounded operation. 
Extensions consisting of two-phase wires 
metallically connected to a three-wire 
system have an influence comparable to the 
unigrounded extension. 

Extensions in the 4,8-kv class have 
generally about the same influence whether 
operated unigrounded or multigrounded. 

In the 2,3-kv class the influence of multi¬ 
grounded neutral extensions is generally 
greater than for those operated unigrounded. 

In all voltage classes, extensions supplied 
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through single-phase transformers and oper¬ 
ated isolated from ground have a very much 
lower influence than those operated uni- 
grounded or multigrounded. 

It is difficult to make similar com¬ 
parisons between systems operating in 
different voltage classes because the 
different voltage classes tend to have 
somewhat different fields of application, 
resulting in differences in line length and 
load density. 

Characteristics of Rural 
Telephone Circuits 

Most of the telephone circuits used in 
rural areas are of the magneto type, al¬ 
though some common battery lines are 
encountered. From the noise co-or¬ 
dination standpoint, there is one funda¬ 
mental difference between the magneto 
circuit and the common battery circuit 
in that the former is generally ungrounded 
at the central office end, while the latter 
is grounded through the central office 
cord circuit. The significance of this 
difference will be brought out in the 
brief summary, given below, of the proc¬ 
esses by which noise induction takes 
place. For the sake of simplicity, this 
discussion is confined to electrically short 
lines. 

Schematic diagrams illustrating (4) an 
exposed metallic telephone circuit having 
a high impedance-to-ground and (B) a 
similarly exposed circuit operated with a 
low impedance-to-ground, are shown in 
figure 4. 

Electric induction appears as a noise 
potential (V 0 in figure 44) between the 
exposed telephone conductors and ground. 
This potential is a function of the har¬ 
monic voltages on the power conductors, 
the mutual capacitances C\ and C 2 , and 
the impedance-to-ground of the telephone 
circuit. In the case of a telephone cir¬ 
cuit isolated from ground, as in figure 
4 A, the noise potential to ground tends 
to be relatively high, the noise current 
flowing to ground through the capad- 
tance-to-ground of the circuit. Where 
one end of the telephone circuit is 
grounded, as through the cord circuit on a 
common battery line (figure 42?) or 
through the capadtance-to-ground of an 
appredable length of entrance cable, the 
noise potential to ground due to electric 
induction may become very small. In 
this case a noise current (Z^) flows over 
the two conductors in parallel toward the 
low-impedance ground. 

Magnetic induction appears as a 
noise voltage (et and e 2 , figure 44) acting 
in the longitudinal circuit of the tele¬ 
phone line. The induced voltage is a 
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function of the harmonic currents in the 
power line and mutual inductance be¬ 
tween the power and telephone con¬ 
ductors. The impedance of the telephone 
longitudinal circuit controls the magni¬ 
tude of the resulting longitudinal current. 
Where the impedance-to-ground is high, 
as in figure 44, the magnetically induced 
voltage-to-ground divides between the 
two ends of the circuit roughly in pro¬ 
portion to their impedances-to-ground. 
Where one end of the circuit is grounded, 
the entire induced voltage appears at the 
other end. 

In the case of electric induction, dif¬ 
ferences in the capacitances C\ and C 2 re¬ 
sult in a difference of potential between 
the two telephone conductors, thus giv¬ 
ing rise to a metallic-circuit noise cur¬ 
rent known as the “direct metallic” in¬ 
duction. Differences between the mag¬ 
netically induced voltages e\ and e 2 simi¬ 
larly result in a “direct metallic” compo¬ 
nent of magnetic induction. Telephone 
circuit transpositions tend to equalize 
the capacitances Ci and C 2 and the volt- 


ground-retum circuit is usually of the or¬ 
der of 100 times that in a reasonably well 
balanced metallic circuit under similar 
exposure conditions. 

In addition to the component of noise 
induced directly between wires, metallic- 
circuit noise may also occur as a result of 
the action of longitudinal induction on 
circuit unbalances; These may be either 
series impedance unbalances (Z in figure 
4) or shunt admittance unbalances (7 
in figure 4). The more common sources 
of series unbalances in rural circuits are 
high resistance joints and certain types 
of switching circuits used in common 
battery offices. Shunt unbalances may 
arise as a result of contacts between line 
wires and trees, from faulty insulation, 
from the ringers associated with certain 
types of station sets where grounded ring¬ 
ing is employed, or from certain types of 
central office apparatus. 

Considering first the effects of electric 
induction, in figure 44, where the central 
office end of the circuit has a high im- 
pedance-to-ground, the voltage-to-ground 


Figure 5. Noise 
measured on magneto 
telephone subscriber 
circuits in rural areas 
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ages e\ and e 2 and may thus greatly re¬ 
duce the noise due to “direct metallic in¬ 
duction.” 

In the case of a ground-return circuit 
(figure 4 C) the current-to-ground due to 
electric induction (t) flows directly 
through the station sets, while the voltage 
due to magnetic induction (e) acts on a 
longitudinal circuit which, includes the 
impedances of the station sets. This 
accounts for the fact that the noise in a 
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appears across the shunt admittance 
(7) and contributes a component of 
noise in the metallic circuit. In this case 
the effect of a series unbalance (Z) is 
small. However, where the circuit has 
a low impedance-to-ground, as in figure 
45, the voltage-to-ground due to electric 
induction is negligible, and the effect of 
the admittance unbalance (7) is small. 
In this case, as pointed out above, the 
induction produces a current-to-ground 
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and this current acts upon the series un¬ 
balance (Z) to produce a metallic-circuit 
current. 

In the case of magnetic induction, the 
full longitudinal voltage appears across 
the admittance unbalance (Y) when the 
circuit is grounded at the central office 
(figure 4B). If Y is relatively small, 
the longitudinal current will be relatively 
small and its effect on the series unbal¬ 
ance (Z) is unimportant If there is a 
low impedance-to-ground at each end of 
the circuit, the longitudinal current may 
be appreciable, and the effect of (Z) be¬ 
comes important. 

The effects of imbalances may be sum¬ 
marized as follows: shunt unbalances 
tend to be important where electric in¬ 
duction controls the noise in circuits op¬ 
erated isolated from ground, or where 
magnetic induction is important, par¬ 
ticularly when the circuit is grounded at 
the central office and such unbalances oc¬ 
cur near the far end of the line. Series 
unbalances may be important where elec¬ 
tric induction acts on a circuit grounded 
at one point, or in the case where mag¬ 
netic induction acts on a longitudinal 
circuit having a low impedance at each 
end. The effects of these unbalances 
may be minimized by employing higher 
impedance ringers, balanced central office 
equipment, and by reasonably adequate 



(A) Schematic diagram 



(B) Equivalent circuit—capacitor off 
Z r » Impedance of source and transformer 
Zt — impedance to residuals of line 



(C) Equivalent circuit—capacitor on 


Figure 6. Shunt capacitors for improving 
wave shape of rural power lines 


maintenance of the open-wire circuits. 
In some cases special measures, discussed 
below, may be employed. 

The cumulative per cent curves in the 
upper portion of figure 5 indicate the 
range of noise observed on a large number 
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of rural magneto telephone circuits ex¬ 
posed to various types of power circuits. 
No attempt is made to differentiate be¬ 
tween the effects of the different types of 
power systems involved. An indication 
of the relative influence of these different 
types of system may be obtained from 
tables I and III. The effects of the lower 
impedance ringers in increasing the re¬ 
ceiver noise are indicated in figure 5. 

The ratio of receiver noise to noise-to- 
ground (noise current to ground through 
100,000 ohms) is frequently used as an 
index of the balance of a telephone cir¬ 
cuit. This quantity has been calculated 
for the rural circuits tested and the re¬ 
sults are plotted in the lower portion of 
figure 5. 

Co-ordinative Measures 

Co-operative planning by those re¬ 
sponsible for the development and opera¬ 
tion of power and telephone systems is 
important in rural areas as well as in ur¬ 
ban and suburban areas. 1 The general 
co-ordinative measures outlined in the 
introduction to Ibis paper are discussed 
in somewhat more detail below. Cer¬ 
tain specific measures which may be 
helpful in certain types of situation are 
also described. None of these measures 
is universally applicable. The measure 
or combination of measures best suited to 
a given case can be determined only when 
all the various factors are known. 

Power System Measures 

One of the factors controlling the in¬ 
ductive influence of a rural power circuit 
is its wave shape. The problem of co¬ 
ordinating rural power and telephone 
systems is usually simplified if the mag¬ 
nitudes of the harmonics impressed on 
the power circuits by either the supply or 
load apparatus are relatively small. 
One method of improving the wave shape, 
by means of shunt capacitors, is discussed 
later. 

As previously pointed out, the har¬ 
monic exciting currents of single-phase 
transformers may be of importance in 
the inductive influence of multigrounded 
distribution circuits, particularly those 
operating in the lower voltage ranges. 
The magnitudes of these harmonic com¬ 
ponents can be controlled to a consider¬ 
able extent in both the design and ap¬ 
plication of the transformers. Tests 
indicate that there is a rapid increase in 
the harmonic components of the exciting 
current of a transformer when the rated 
fundamental frequency voltage is ex¬ 
ceeded. It is therefore desirable to avoid 
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impressing excessive voltages on trans¬ 
formers, particularly when they are con¬ 
nected to the lower voltage multigrounded 
circuits. 

On three-phase distribution systems, 
reductions may often be effected in the 
inductive influence if the lengths of single¬ 
phase extensions as well as the amounts 
of single-phase loads are balanced among 
the various phases in so far as practicable. 
Field experience has indicated, however, 
that where relatively large harmonics 
are present in the voltage wave shape of 
an extensive system, it is generally im- 

Table IV. Measured Effectiveness of Shunt 
Capacitors in Reducing Inductive Influence of 
Rural Distribution Circuits Supplied from 
Transformers 

Case A—Six-mile multigrounded 7.2-kv single- 
phase extension supplied through a 25-kva 
2.3—6.9-kv transformer. Capacitor con¬ 
nected across 6.9-kv side of transformer. 

Capacitor (Kilovolt-amperes) None.. 15 


Voltage T.I.F. 2.4 kv. 20. .15 

Voltage T.I.F. 7.2 kv. 74.. 5.6 


Phase FT of 7.2-kv extension. 390. .29 

Ground-return FT of 7.2-kv extension 215.. 16 

Case B—Thirty-mile multigrounded 6.9-kv single¬ 
phase extension supplied through 100-kva 
2.3-6.9-kv transformer. Capacitor con¬ 
nected across 6.9-kv side of transformer. 

Capacitor (Kilovolt-amperes)None.. 15.. 20.. 35 

Voltage T.T.F. 2.3 kv. 76.. 36.. 16.. 15 

Voltage T.7.P. 6.9 kv. 118.. 32.. 30., 16 

Phase FT of 6.9-kv exten¬ 
sion.2,130..535..480..285 

Ground-return F T of 6.9-kv 
extension.1,120. .285. .260.. 163 

Case C—Twelve-kv three-phase four-wire multi¬ 
grounded system (total length 13 miles 
three phases and 27 miles one phase) fed 
from 150-kva 13.2-12-kv delta-wye trans¬ 
former bank. Three-phase capacitors 
connected on 12-kv side of transformer. 

Capacitor (Kilovolt-amperes per phase)Nonel5.. 30 

Average phase-phase voltage T.I.F. 

13.2 kv. 20.. 16..17 

Average phase-neutral voltage T.I.F. 

12 kv. 58..12..9 

Average phase F T —12-kv line. 610.. 90.. 50 

Ground-return F T —12-kv line.. 360.. 45.. 30 


practicable to secure adequate reductions 
in the ground-return current components 
of a three-phase circuit by balancing the 
extensions only, without resorting to re¬ 
ductions in the impressed harmonic volt¬ 
ages. 

Power circuit transpositions afford 
an effective means of reducing longi¬ 
tudinal induction in exposed telephone 
circuits only if the influence is controlled 
by balanced rather than residual com¬ 
ponents. 6 In rural distribution expo¬ 
sures the induction practically always 
results from residual components, and 
in such cases transpositions are generally 
ineffective. Furthermore, in the case of 

Electrical Engineering 















three-phase circuits, these residuals are 
usually due either to the unequal lengths 
of single-phase extensions connected to 
the various phases or to direct-connected 
generators with grounded neutrals and 
consequently are not susceptible to re¬ 
duction by transpositions. 

Shunt Capacitors for Reducing 
Inductive Influence 

Several situations have recently de¬ 
veloped in the field in which the in¬ 
fluence of the power lines was considera¬ 
bly increased by resonance between the 
leakage inductance of the supply trans¬ 
former and the line capacitance at or near 
one of the harmonic frequencies present 
in the impressed voltage. In such cases 
it has been found practicable to improve 
wave-shape conditions by the application 
of shunt capacitors on the rural-line side 
of the supply transformer. 

Figure 6 A presents a schematic dia¬ 
gram of a single-phase extension sup¬ 
plied from a three-phase system through 
a single-phase transformer. Figure 6 B 
is a simplified equivalent circuit of this 
arrangement, the voltage E representing 
the voltage at a given harmonic fre¬ 
quency in the wave shape of the source. 
Actually there are other harmonics in the 
system such as those generated by the 
supply and load transformers, or by cer¬ 
tain types of load. However, on rural 
lines these frequently contribute less to 
the over-all influence than the supply 
system voltages and for simplicity have 
been omitted from the equivalent cir¬ 
cuit. 

In rural distribution lines, particularly 
under light load conditions, the im¬ 
pedance Z L (figure 6 B) is largely capaci¬ 
tive reactance below the quarter wave 
length frequency. Consequently, a con¬ 
dition of series resonance will exist at 
the frequency where the inductive re¬ 
actance of the source and transformer 
(Z T ) is equal to the capacitive reactance 
of the line (Z L ) t resulting in substantial 
increases in the voltages and currents in 
the rural line at harmonics in the vicinity 
of the resonant frequency. The connec¬ 
tion of a suitable capacitor across the 
circuit, as indicated in figure 6 C, will 
change the resonant point to some lower 
frequency, thus causing large reductions 
in those harmonics which were dose to 
the resonant frequency existing before 
the capacitor was connected. In se¬ 
lecting 2 the size of capadtor for a par¬ 
ticular situation it is important to avoid 
establishing the lower frequency reso¬ 
nant point dose to one of the harmonic 
frequencies present in the voltage wave 
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shape. The shunt capacitor in com¬ 
bination with the transformer leakage 
inductance also has a filtering action 
which tends to reduce the higher fre¬ 
quendes where the impedance of the 
capacitor is small in comparison with the 
impedance of the rural line. 

The degree of improvement in influence 
effected by the application of a capadtor 
depends upon the particular harmonic 
frequendes present and upon such other 
factors as the relative size of the capad¬ 
tor and transformer, the length of the 
rural line, and the magnitude of harmonic 
components originating in loads. The 
results of tests of the effectiveness of 
shunt capadtors in three fidd situations, 
the first two involving single-phase ex¬ 
tensions and the third a three-phase 
line, are summarized in table IV. It 
will be noted that in all cases, before the 
capadtors were applied, the voltage 
T.I.F. was higher on the line than on the 
supply side of the transformer due to 
the resonant condition previously men¬ 
tioned. Substantial reductions in both 
voltage TJ.F. and ground-return LT 
were effected by the use of capadtors 
in these cases. 

Telephone System Measures 

Experience has indicated that the noise 
in transposed open-wire telephone cir¬ 
cuits exposed to rural power lines at 
roadway separation is apt to be con¬ 
trolled by the action of longitudinal in¬ 
duction on circuit unbalances rather than 
by direct metallic induction. In cases 
where the effects of circuit unbalances 
have been minimized and the telephone 
circuit transpositions are not co-ordinated 
with the exposure conditions, improve¬ 
ments in the transposition arrangement 
should result in reductions in the direct 
metallic induction and in the receiver 
noise. 

In general, station sets of the multi¬ 
party types on rural telephone lines are 
equipped with the higher impedance 
type of ringers, particularly where cir¬ 
cuits are subject to noise induction. 
The lower impedance grounded ringer is 
therefore less likely to be an important 
factor in the co-ordination problem in 
rural localities than in urban areas. 1 
Since imbalance of any type may con¬ 
tribute to the metallic circuit noise, 
any measures taken to improve the 
balance of a rural circuit will be reflected 
in noise reduction; In some cases the 
most practicable means of reducing the 
susceptiveness of the telephone circuits 
may be the application of the special 
measures described below. 


Drainage on Ungrounded Circuits 

As shown in figure 4A, the receiver 
noise on magneto lines which are ordi¬ 
narily ungrounded at the central office, 
may be controlled by the action of 
voltage-to-ground from electric induction 




(A) Use of drainage on ungrounded cir¬ 
cuits (noise controlled by action of longi¬ 
tudinal electric Induction on shunt unbalances) 


L,L — Balanced retardation coil with midpoint 
grounded 


C,C—Capacitors of approximately one micro¬ 
farad capacitance 

* Drainage also applicable where line is 
grounded through high impedance 



( [B ) Use of high impedance in longitudinal cir¬ 
cuit (noise controlled by action of longitudinal 
magnetic induction on series unbalances) 

** Repeating coil connected to offer high 
longitudinal and low metallic circuit imped¬ 
ance 

Figure 7. Special measures for reducing 
susceptiveness of rural telephone circuits 


on shunt unbalances such as tree leaks 
or grounded ringers. In such cases 
substantial improvement in the noise 
may be secured by the application of 
drainage at the central office end of the 
circuit, with the consequent reduction of 
the voltage-to-ground on the circuit. 
Drainage is also effective in reducing 
the 60-cyde induced voltage which is 
sometimes sufficiently large to cause 
false ringing of subscribers’ bells where 
grounded ringers are employed. Figure 
7 A shows schematically an. arrangement 
of a balanced retardation coil and a pair 
of balanced condensers for this purpose. 
This combination presents a low im¬ 
pedance to the longitudinal circuit, 
and a relatively high impedance across 
the metallic circuit. The condensers 
are provided to permit satisfactory ring¬ 
ing and d-c testing on the circuit. Since 
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drainage increases the longitudinal noise 
current, the use of this low-impedance 
termination may result in increased noise 
in cases where important series un¬ 
balances are present in the telephone 
circuit. 

Where an open-wire line enters an 
office through an appreciable length of 
cable, a degree of drainage is provided 

Table V. Effect of Drainage in Reducing 
Noise on Magneto Telephone Circuits 

Noise Measured at Subscriber's 
Location 
(Noise Units) 

Noise in Receiver 

Central Grounded 


Office 
Loca- Termi- 
tion nal* 

Noise 

to 

Ground 

Bridged 

Ringer 

Lower 

Impedance 

Ringer 

A... 

.. . . 

..360.... 

.. 70 . 

... 460 


...G... 

.. 9.... 

.. 0+. 

.. .0+ 

B... 


...400.... 

.. 86 . 

... 600 

... 

...G... 

60.... 

.. 66 .. 

.. 65 

C... 

...J ... 

..760.... 

.. 210 .. 

.. 1,400 


...G... 

... 16.... 

.. 160 .. 

.. 170 

d\\\ 


..210.... 

..1,100 .. 

..1,130 

■ ... 

...G..., 

.. 20.... 

.. 160 .. 

.. 160 


* I —Central office end isolated from ground. 

G —Central office end grounded through midpoint 
of balanced termination (figure 7 A). 


by the capacitance-to-ground of the 
latter. Where long entrance cables are 
involved and the open wire is conse¬ 
quently already effectively drained, little 
further reduction in noise would be ex¬ 
pected from the drainage scheme de¬ 
scribed above. 

Although primarily intended for use on 
magneto circuits, this drainage device 
may also find application on common 
battery circuits where noise results 
from the action of longitudinal induction 
on unbalances in the central office. In 
step-by-step offices, for example, where 
the impedance-to-ground offered by the 
central office equipment may be of the 
order of 1,000 ohms at 1,000 cycles, 
advantage may be taken of the relatively 
low impedance of the drainage device to 
reduce the voltage acting on central 
office imbalances. 

The effectiveness of this drainage de¬ 
vice in reducing the noise on magneto 
circuits at several locations where elec¬ 
tric induction controlled is demonstrated 
by the data summarized in table V. 

High Impedance in the 
Longitudinal Circuit 

In the case of common-battery manual 
circuits there may be relatively large 
longitudinal noise current flowing to 
earth through the cord-circuit ground at 
the central office (figure 423). Where 
series unbalances are present either in 
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the line or in the cord circuit, the compo¬ 
nent of metallic-circuit noise, resulting 
from the action of the longitudinal cur¬ 
rent on these unbalances, may be con¬ 
trolling. In cases where magnetic in¬ 
duction controls, considerable reductions 
in the longitudinal current and conse¬ 
quently in the receiver noise may be 
effected by inserting an inductance in 
the circuit, as illustrated in figure 7B. 
This device is so connected as to offer a 
relatively high impedance to the longi¬ 
tudinal circuit and a very low impedance 
to the metallic circuit. Increasing 
the longitudinal circuit impedance fre¬ 
quently increases the noise-to-ground 
on the circuit. Consequently, a net 
improvement in the metallic-circuit noise 
will be obtained by this method only 
where the effect of shunt unbalances is 
small. 

In some cases both series unbalances 
in office equipment and shunt unbalances 
on the line may be important. In such 
instances, use may be made of a combina¬ 
tion of the high longitudinal impedance, 
inserted at the central office, and the 
drainage device, discussed above, the 
latter being connected on the line side 
of the series impedance. 
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Discussion 

L. F. Roehmann (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The authors suggest the use of shunt capaci¬ 
tors as a means for lowering the inductive 
influence of power lines. They claim two 
favorable effects, namely: 

1. Detuning the circuit for the harmonic for which 
it is in resonance, and 

2. Short-circuiting other harmonics. 

The measurements as shown in table IV 
indicate that the reductions exceed the ratio 
10 to 1, a very satisfactory result. 

But this result is accomplished by com¬ 
paratively large and expensive capacitors 
(15 to 35 kva), and I wonder whether such 
expense be justified from the standpoint of 
noise co-ordination alone. 
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The aspect becomes much more favorable, 
however, if the effect on the fundamental 
is considered too. The capacitors should 
improve power factor and regulation, both 
desirable features especially in rural electri¬ 
fication. 

I would like to know if the authors have 
studied this point, and if they can confirm 
my considerations. 

H. E. Kent (Edison Electric Institute, New 
York, N. Y.): The paper by Messrs. Walil- 
quist and Taylor has presented the rural co¬ 
ordination problem as it affects metallic 
telephone circuits. I should like to refer 
briefly to some co-ordinative measures 
which can be used where ground-return tele¬ 
phone circuits are involved. These are pre¬ 
dominately measures applicable to the tele¬ 
phone system, since the measures already 
described for application to the power sys¬ 
tem effect approximately the same degree 
of reduction in influence whether metallic 
or ground-return telephone circuits are in¬ 
volved. However, it should be borne in 
mind that a ground-return circuit is in¬ 
herently of the order of one hundred times as 
sensitive to induction as is a metallic tele¬ 
phone circuit. Consequently, while the 
power system measures already described 
greatly simplify co-ordination with metallic 
telephone circuits, in many situations addi¬ 
tional measures will be required in the co¬ 
ordination of ground-return telephone cir¬ 
cuits. 

The improvement of wave shape by means 
of capacitors described in the paper is ob¬ 
tained by preventing the higher frequency 
harmonics in the source of supply from 
reaching the rural distribution system. In 
one of the cases where this method was ap¬ 
plied it was found that, after the capacitors 
were connected at the supply substation, 
various small motors supplied by the rural 
distribution system still introduced appreci¬ 
able harmonics, the effects of which were 
amplified by line resonance conditions. 
While this was not sufficient to disturb 
metallic telephone circuits, it resulted in ap¬ 
preciable noise in the ground return cir¬ 
cuits. Application of an additional bank 
of capacitors to the rural circuit at a point 
about 20 miles from the supply substation 
destroyed the resonance conditions and ef¬ 
fected further reduction in the influence. 

Capacitors provide a means of largely 
eliminating the higher frequency harmonics 
in many situations, particularly in rural 
areas. However, it is not feasible to also 
reduce the lower frequency harmonics (par¬ 
ticularly 180, 300, and 420 cycles) by this 
method. Where these low frequencies con¬ 
trol it is possible to improve conditions by 
reducing the sensitivity of the telephone set 
in this low frequency range but with no im¬ 
portant change in sensitivity over the re¬ 
mainder of the voice frequency range. Two 
methods of accomplishing this are indicated 
in figure 1. The commonly used connection 
for a local battery telephone set is shown in 
figure L4. This is modified in figure IB by 
shunting the receiver with an inductance of 
60 millihenries and by connecting a 0.75- 
microfarad condenser in series with the 
receiver. In figure 1C the modification 
consists of transferring the receiver from 
the fine to a location across the transmitter 
winding of the induction coil, and adding a 
one-microfarad condenser in series with the 
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receiver. Field tests in several locations 
have shown that either of these methods ef¬ 
fects reductions in noise of somewhat better 
than 2 to 1 on the average when the frequen¬ 
cies controlling the noise are in the range 
from 180 to 420 cycles. 

Similar results can be obtained by reduc¬ 
ing the acoustical response of the telephone 
receiver at the lower frequencies. This can 



Figure 1. Schematic diagrams of commonly 
used and modified connections of local- 
battery telephone set 

(A) Connection in common use 

(B) Modification employing receiver filter 

(C) Modification employing reconnection of 

set 

be done by punching a quarter-inch hole in 
the receiver diaphragm at a point one-third 
the distance across its diameter. Tests 
have shown that the reduction in the low- 
frequency noise thus obtained ^approxi¬ 
mately the same as that secured with the 
electrical filters. The advantage of the 
acoustical method lies in its simplicity. It 
may have some disadvantage from a mainte¬ 
nance standpoint since dirt can more readily 
enter the space back of the diaphragm. 

Figure 2 illustrates the use of a ring- 
through type of repeating coil in a ground- 
return telephone circuit to reduce noise by, 
in effect, transposing the circuit without 
materially impairing the talking and ring¬ 
ing efficiency of the circuit. The coil acts 
as a low-impedance drain from line to ground 
for noise currents resulting from electric 
induction. For magnetically induced cur¬ 
rents the coil acts as a high impedance in 
series with the line. The effectiveness of the 
coil depends to a considerable extent on 



Figure 2. Use of ring-through repeating coll 
to reduce noise induction in ground-return tele¬ 
phone line 


Note: Repeating coli connected as a drain¬ 
age coil—that is, so as to offer low impedance 
to equal currents in the same direction in each 
winding as indicated by the arrows 


having approximately equal induction in 
the line on both sides of the coil. In long 
exposures, particularly where subscribers 
are distributed through the exposure, more 
than one coil may be necessary. 

In individual cases the application of 
capacitors for the improvement of the power 
system wave shape combined with a change 
in the frequency response of the telephone 
sets, or the use of repeating coils, permits the 
rendering of reasonably satisfactory rural 
telephone service over the ground-return 
line. However, as the load increases on the 
power line, and more motors are connected, 
it will become very difficult to maintain the 
extremely low influence of the power line. 
This, combined with greater demands made 
upon the telephone service, may make it 
impractical to render acceptable service 
over the ground-return line. Therefore, in 
applying these measures it must be recog¬ 
nized that in many situations they will offer 
only a temporary solution of the problem 
and that ultimately it will be necessary to 
"metallicize” the line. Of course, in some 
situations the growth of the service require¬ 
ments of both the power and the telephone 
will be such that these measures may last for 
a number of years. In other situations the 
growth of the load will be such that contin¬ 
ual attention will be required and "metalli- 
cizing” will necessarily follow in a very 
short time. 


J. T. Howard (Tennessee Valley Authority, 
Chattanooga): The authors have touched 
upon two vital factors contributing to power 
system influence which seemingly should be 
given more attention for the benefit of dis¬ 
tribution engineers. These are the ground- 
return harmonic components of transformer 
exciting currents and charging currents. 

Where the rural distribution system is ex¬ 
tensive, the voltage at the point of supply is 
often held 10 or 15 per cent above normal in 
order to obtain the desired secondary volt¬ 
age at some distant point without resorting 
to excessive use of boosters. With distribu¬ 
tion transformers working at high flux densi¬ 
ties at normal voltage, this increase results 
in excessive magnetizing current. The net 
effect is an increase in the LT product. 
While it is true, generally, that these com¬ 
ponents do not control on the larger and 
higher voltage drcuits, many instances 
have been observed where their effect, in an 
extensive system, was the controlling factor 
in noise induction. It appears that placing 
more emphasis on this point would be of 
material benefit to distribution engineers, so 
that they may be guided accordingly in con¬ 
trolling system voltages, and to manufac¬ 
turers, so that their transformer designs may 
be modified to allow a better tolerance for 
overvoltages. 

It has been found that the most severe 
cases of noise induction result from harmonic 
charging currents, and that exposed com¬ 
munication circuits require a higher degree 
of maintenance than is customary, if the 
charging circuit effects are to be minimized. 
The effects of changes in impedance-to- 
ground do not seem to be generally under¬ 
stood by distribution engineers, and new sys¬ 
tems are designed, and operating systems 
extended, without any consideration of this 
factor. In the case of systems operating 
with ah LT product within the range of 
average Values, extensions may be so con¬ 


nected to the system that resonance occurs 
at a frequency with a high TJ.F. contribu¬ 
tion, and the LT product increases corre¬ 
spondingly. In such event, the distribution 
engineer is confronted with a difficult task in 
again co-ordinating his system with ex¬ 
posed communication facilities. It there¬ 
fore seems desirable that the authors make 
available, in a concise form, the results of 
impedance-to-ground measurements which 
they have made during the past several 
years, classified as to voltage and configura¬ 
tion. In this manner, the problem of power 
system influence may be more readily 
understood. 


H. W. Wahlquist and T. A. Taylor: As 
mentioned by Mr. Kent, the paper is con¬ 
fined to the rural co-ordination problem as 
it affects metallic telephone circuits and his 
discussion of several co-ordinative measures 
applicable to ground-return telephone cir¬ 
cuits will no doubt be appreciated by those 
who are interested in this phase of the prob¬ 
lem. 

Mr. Roehmann refers to the compara¬ 
tively large and expensive capacitors used in 
accomplishing the reductions in influence 
listed in table IV. While it is true that the 
kilovolt-amperes of the capacitors was con¬ 
siderable, representing about 15 to 60 per 
cent of the kilovolt-amperes of the supply 
transformer, the expense involved was found 
to be less than that of other co-ordinative 
measures of equal effectiveness. The use 
of such capacitors increases the 60-cycle 
voltage about two to 5 per cent, but has 
little effect on the voltage regulation of the 
line. In the case of a rural line having a 
peak load of low power factor approaching 
the rating of the supply transformer, the 
capacitors would be beneficial in reducing 
the load on the transformer by reducing the 
reactive kilovolt-ampere. 

Mr. Howard feels that more emphasis 
should be placed on transformer, exciting 
currents as a source of harmonics. While 
it is true that transformer exciting currents 
may control the Lt product on rural lines 
under light load conditions (in cases where 
the harmonics in the supply systems voltage 
are relatively small), the magnitude of the 
LT product under such conditions is rela¬ 
tively low. On the other hand, in urban 
areas, transformer exciting currents have 
in some cases been of importance from the 
noise standpoint due, among other things, to 
the heavier load density and to different 
characteristics of the telephone apparatus. 
Mr. Howard also expresses interest in im- 
pedance-to-ground measurements on power 
systems. This is an important factor and 
has received detailed consideration. Meth¬ 
ods have been developed for calculating this 
impedance and have been presented, to- 
getherwith measured results for a few cases, 
in reference 2 of the paper, Control of the 
magnitude of the impedance-to-ground by 
special attention to circuit layout does not 
appear likely to be of much practical im¬ 
portance because operating and service re¬ 
quirements will necessarily govern the sys¬ 
tem arrangement. However, as pointed 
out in the paper, it may be feasible to mini¬ 
mize the unbalance of the impedance-to- 
ground among the several phases of a three- 
phase system by connecting approximately 
equal lengths of single-phase extension to 
each of the three phases. 
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The Wound-Core Distribution Transformer 

By E. D. TREANOR 

MEMBER AIEE 


I N THE very early days of the develop¬ 
ment of a-c transformers, various 
methods were tried to produce cores which 
would have the necessary characteristics 
of low loss, low magnetizing current, and 
suitable mechanical arrangements. It 
was very soon found that the most prac- 
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Figure 1. Improvement in hot-rolled magnetic 
steel 



Figure 2. Shell-type core 


tical form of raw material was thin iron or 
iron-alloy sheet which could be obtained 
with relatively low hysteresis loss, and 
could be cut and assembled so as to give 
relatively low eddy-current loss and 
magnetizing current 
In this form of thin sheet, magnetic 
steel for a-c apparatus has undergone 
years of intensive development from the 
standpoint of processing and alloying, 
and steady improvement has made avail¬ 
able the silicon steel alloys of ex cellent 
characteristics which are in general use 
today. These are made by hot rolling 
in packs having m aximu m dimensions of 
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tribution transformer engineering department of 
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about three by nine feet. A graphic 
history of improvement in quality is 
shown in figure 1. 

The mechanical construction of trans¬ 
former cores has almost universally con¬ 
tinued the early practice of cutting plates 
or punchings from this sheet and building 
these pieces into massed arrangements of 
simple or complicated form around the 
coils. Characteristic examples are shown 
in figures 2, 3, and 4. Figure 2 shows 
what is usually called a shell-type core, 
figure 3 a “core” type, and figure 4 a modi¬ 
fied type, which is called the distributed 
core. 

Cores made in this general fashion have 
certain objectionable features. 

(a) The pieces cannot be cut and arranged 
so that the flux path follows the grain 
orientation of the steel throughout the core 
and thus obtain the lowest loss possible. 
Reference to the sketches will show that in 
figure 2 and figure 3 appreciable parts of the 
punchings have the grain direction (shown 
by light lines) lying at some angle with the 
flux while in figure 4 practically all of the 
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Figure 3. “Core" type core (two legs) 


punchings show an angle between grain and 
flux. Some portions carry no flux at all. 

(b) The pieces as ordinarily laid up in one 

or two thicknesses per layer have a minimnni 
of two overlapped gaps in the magnetic 
circuit (where L punchings are used) and a 
maximum of four such gaps where straight 
plates are used. These gaps are dependent 
in size upon perfection of the pieces and the 
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skill of the workmen, and at best add a little 
local loss due to fringing of flux and demand 
an appreciable magnetomotive force, or in 
other terms, magnetizing current. 

(c) Large numbers of pieces must be cut 
and handled through various operations, 
such as annealing and assembly. Substan¬ 
tial clamping structures must also be used 
to hold the structure together but without 
undue pressure. With the usual thickness 
of 14 mils, not less than 140 pieces per inch 
of assembled thickness must be used and 
handled one or two at a time. There is 
considerable labor cost in these operations. 

(d) There is at best considerable waste 
material in the punching and handling 
operations. In the case of L punchings so 
largely used on distribution transformers, 
multiple dies cut punchings from sheets 
welded together into a continuous ribbon 
with even less waste than when rectangular 
pieces are used but there is still an appre¬ 
ciable waste. 

The “Wound Core” 

A radically new form of core of simple 
structure and highly efficient performance 
has recently been developed. As shown 
schematically in figure 5, it is made by 
winding a long ribbon of magnetic steel 
in a tight spiral on a mandrel into the form 
of a heavy-walled circular cylinder. This 
core construction has been designated as 
the “wound core.” It eliminates or 



Figure 4. Distributed core 


m in i miz es most of the objections inherent 
in other types. 

(a) The flux runs with the grain direction 
throughout. All material in the core is 
active material. 

(b) There is but one effective gap in the 
magnetic circuit and this is of very short 
length and large area. 
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(c) Only one or two pieces of strip steel are 
necessary to make the average small core. 
These are prewound and assembled on 
machines at high speed. 

(d) The waste in handling and fabrication 
is very small since each element is simply 
cut from large reels of continuous strip 
made to correct width at the mill. 

A practical core incorporating these 
and other advantages obviously presents 
a distinct advance in the design and con¬ 
struction of transformers to which it is 
applicable. It is the purpose of this 
paper to describe its present application 
to distribution transformers. 

As stated above, L punchings for dis¬ 
tribution transformers are cut from reels 
of steel made by welding together sheets 
of hot-rolled steel. Distribution trans¬ 
formers of the wound-core construction 
can utilize such hot-rolled steel with im¬ 
provement in characteristics and reduc¬ 
tion in cost over existing designs, but the 
wound-core construction makes it pos¬ 
sible to take full advantage of the prop¬ 
erties of cold-rolled strip of relatively 
low silicon content. This strip is char¬ 
acterized by high permeability and very 
good losses at high densities, and is non¬ 
aging. It is made by high-reduction 
rolling on a suitable mill and mechanically 
is soft and ductile when compared with 
high silicon hot-rolled sheet. It is pro¬ 
duced in a strip of great length. 

Figures 6 and 7 show tentative com¬ 
parisons of watt loss and permeability as 
compared with good high-silicon hot- 
rolled sheet. It is strongly directional 
fn these properties, the losses at flux 



Figure 5. Wound core 


angles with the grain of 45 degrees to 90 
degrees being from 45 per cent to 70 per 
cent higher than with the grain. These 
properties indicate the possibility of 
operation at higher densities than are 
normal with ordinary steel, particularly 
in a core in which the magnetic material 
is worked with the grain. 
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Considering a core made up of single 
ribbon, whose grain direction runs with 
its length, wound into a circular cylinder 
and embraced by a current-carrying coil, 
it will be seen that the flux must follow 
the grain direction very closely. In 
such a core (figure 8), it will be seen also 
that each element of flux finds but one 
air gap' in its path, and if the ribbon is 
tightly and uniformly wound,. this gap 
will be of very small length and relatively 
great area. The result is that little 
magnetomotive force is consumed in the 
reluctance of air gaps as compared with 
other cores. 

In the practical design of transformer 
cores, flux density is limited by heating or 



Figure 6. Watt loss of hot-rolled and new 
strip steel 



Figure 7. Permeability of hot-rolled and new 
strip steel 


magnetizing current in large transformers 
and usually to still lower values by mag¬ 
netizing current alone in small units. 
The combination of a steel having high 
permeability and low losses in the high 
density range with a core structure which 
reduces the number and length of air gaps 
promises highly effective.use of material, 
particularly in small-sized transformers. 

Designs for ratings of IV 2 , 3, and 5-kva 
units with primary voltages of 7,620 
volts or less have been worked out and 
placed in production, and the promise of 
economy has been fully realized. The 
most satisfactory construction consists of 
two core elements as shown in figures 9 
and 10, linked by a simple interleaved 
coil group in secondary-primary-second- 
ary arrangement. Due to the ability 
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to work the core at higher density than 
is usual for small transformers, normal 
characteristics can be obtained with con¬ 
siderable economy of material and re¬ 
duced over-all cost in spite of the fact 



Figure 8. Path of flux In wound core 



Figure 9. Core and coil elemenb 


that the new steel is at present higher in 
cost than hot-rolled silicon steel. 

Core Manufacture 

The steel for wound cores is produced 
at the mill in strips of required widths 
and great length. These strips are slit 
into multiples of desired width for various 
size cores and are shipped in reels of a 
convenient size and weight to the fac¬ 
tory. These reels are set up in multiple 
before a prewinding machine which con¬ 
sists of an accurately sized power-driven 
steel mandrel. The ends of the reels are 
attached to the mandrel which is then 
rotated, drawing the strips through ten¬ 
sion devices until the cores are built up 
to the desired thickness which is individu¬ 
ally controlled by micrometer gauges. 
Each strip is cut and temporarily welded 
to hold the core in shape during anneal. 
The whole operation is, of course, quite 
rapid as compared with cutting and stack- 
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Figure 10. Core and coil unit with clamps and 
terminals 


mg the hundreds of individual punchings 
which would be required to make equiva¬ 
lent cores of the old type. The space 
factor of the wound core is materially 
higher than with assembled punchings, 
reaching values of 95 per cent to 96 per 
cent. 

The cores are annealed through a cycle 
which has been developed for this new 
material and are then delivered to the as¬ 
sembly room. It should be noted that 
the equipment necessary for putting the 
core into shape for assembling consists of a 
single core-winding machine as against 
an otherwise large investment in heavy 
high-speed punches and punching dies. 
The operation of gathering and stacking 
punchings for anneal is eliminated and 
several operations of grouping punchings 
by weight and number after anneal are 
eliminated. 

Coils 

The coils for these small transformers 
are of more or less normal design. They 
are of oval shape and short axial length. 
The inner and outer low-voltage coils are 
of shorter axial length than the high- 
voltage coils so that when assembled 
in a low-voltage-high-voltage-low-voltage 
group, a cross section of the group is 
of cruciform shape to conform to the cir¬ 
cular window of the core. The internal 
insulation of the coils is similar to that 
which had been highly developed in past 
practice. The major insulation consists 
of mica pads between high and low-volt- 
age windings taped on with varnished 
•cloth and the entire group is taped and re¬ 
inforced where it passes through the core. 
"Where necessary for insulation or thermal 
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requirements, ducts are placed between 
or within the coils. The corner ducts be¬ 
tween the cruciform coil and the circular 
core provide satisfactory ventilation 
under the core and the remainder of the 
coil is fully exposed to the oil. 

The arrangement and design of the 
coils is such as to give good transient 
voltage distribution and since the cores 
are applied under tension, the. coils are 



Figure 11. Wound core and coil ready for 
assembly 



Figure 13. Annealed core partially unwound 



Figure 15. Wound core., in loose spiral 
around coil 


Treanor—Wound-Core Transformer 


firmly gripped and held in position against 
mechanical forces of short circuit. In 
these small units, no other mechanical 
bracing for the coils is essential. 

Method of Assembly 
or Linkage of Cores With Coils 

The two core, units necessary for one 
transformer and its coil group are brought 



Figure 12. First operation 



Figure 14. Annealed core completely un¬ 


wound 



Figure 16, Wound coro tightly wound around 
. coil ' 
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to a machine which has been developed 
for the operation of applying cores. The 
coil group is clamped between cushioned 
supports on this machine and one core 
unit is laid beside it over a short power- 
driven spindle (figure 11). The relative 
positions of the core and coil are properly 
adjusted and the welds which secure the 
outer end of the core strip broken. This 
outer end is then carried through the coil 
window in a large loop and temporarily 
secured on itself so as to form a circle em¬ 
bracing the coil leg (figure 12). A fric¬ 
tion roller on the outside of the core and 
the internal spindle then rotates the core 
in such a fashion that its entire length is 
thrown out into a large cylinder embrac¬ 
ing the coil leg (figures 13 and 14). The 
spindle within the core is removed and the 
core collapses into a loose spiral embracing 
the coil leg (figure 15). The temporaiy at¬ 
tachment on the outer turn is now broken 
and the turns of the loose spiral are drawn 
inward on the coil leg by power-driven 
friction rollers applied at its perimeter, 
with the result that the core is now linked 
with the coil leg in essentially the same 
condition as before the operation was be- 


Figure 17. Transformers of distributed-core 
and wound-core construction 


core and coil unit is ready for clamping, 
treating, and assembly in the tank. The 
operations described are rapid and some¬ 
what less dependent on the skill which is 
necessary to obtain good joints and com¬ 
pact construction in a core made of cut 
punchings. The machines used at this 
point are an added investment since cores 
made of punchings are usually assembled 
by hand labor. 

Clamps 

Clamps are simple cradles of relatively 
light steel adapted to grip the cores se¬ 
curely and without distorting them. The 
structure of the cores is inherently solid 
and self-supporting. 

Characteristics 

In over-all characteristics, these trans¬ 
formers have been designed for character¬ 
istics which differ only slightly from pre¬ 
vious values. In recognition of the im¬ 
portance of improving regulation, the 
copper loss of the wound-core transfor¬ 
mers has been reduced and the core loss 
slightly increased. This revision of losses 
seems to be better suited to average oper¬ 
ating conditions throughout the country 
than previous values. The exciting cur- 



gun without having been overstressed rent iis lower than with past transformers 

during the operation (figure 16). The for reasons given earlier in this paper, 

other core unit is similarly applied to the The wound-core distribution trans- 
other leg of the coil group. The outer formers, because of a marked reduction in 

ends of the strips are welded to perma- the amount of copper and core iron used, 
nently secure the cores in shape, and the and because of the lighter and simpler 
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clamping structure required, are appreci¬ 
ably lighter in over-all weight than simi¬ 
larly rated units using the conventional 
core arrangements (figure 17). 

Since the difficulty in serving small 
loads in areas of low density is largely 



Figure 18. Wound-core unit assembled in 
tank 


economic, the development of a material 
and a construction which permits reduc¬ 
tion in the price of one important ele¬ 
ment in the cost of distribution would 
seem to constitute a major contribution 
to the broader use of electricity. 

The writer wishes to acknowledge the 
assistance of others in the preparation of 
this paper, particularly of Mr. J. C. Gran- 
field, the inventor of the wound-core con¬ 
struction, the method of assembly, and 
the machine, and Mr. M. Broverman who 
has closely followed the development. 


Discussion 

Philip Sporo (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The distribution transformer, as is well 
known, plays a very important part in dis¬ 
tribution economics. In some phases of 
distribution, for example in the problem of 
extension of rural service, it plays an almost 
predominating part. Here the transformer 
with its associated equipment represents 
from 35 per cent to 40 per cent of the average 
cost of a rural extension, taking for an aver¬ 
age an extension in which from four to five 
transformer installations to the mile are 
made. Hence I think all electric utility and 
transmission and distribution engineers will 
welcome the development described by Mr. 
Treanor. 

In reviewing the work that has been ac¬ 
complished over the last decade in improving 
the characteristics and reducing the cost 
of thie distribution transformer, it needs to 
be recalled that the present distribution- 
transformer design is basically a develop¬ 
ment and refinement of an idea that is 
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Radio Influence Characteristics of 
Electrical Apparatus 

By P. L. BELLASCHI C. V. AGGERS 


MEMBER AIEE 


Synopsis: Experience recorded in this 
paper with the method of measuring the 
radio influence factor of electrical apparatus 
recommended by the Joint Co-ordination 
Committee on Radio Reception of Edison 
Electric Institute, National Electrical 
Manufacturers Association, and Radio 
Manufacturers Association establishes its 
practicability and adequacy. This method 
fulfills the essential feature of all working 
standards in that the results are repro¬ 
ducible by quantitative measurements. 

Various types of output meters for de¬ 
termining the radio influence factor of 
apparatus have been investigated. For 
practically all applications, the present 
type of output meter gives an indication 
which is sufficiently close to the audio out¬ 
put. This characteristic, besides the addi¬ 
tional advantages it has in simplicity and 
relative inexpensiveness, well justifies its 
use. 

Radio frequency influence factors vary 
in character, depending on the electrode 
insulation arrangement of the source, and 
also the dielectric medium. 

Humidity and relative density of the air 
affect the radio influence factor and ac¬ 
cordingly certain correction factors for the 
atmospheric conditions need be recognized. 

The radio influence factor characteristics 
of in s u l ation in air and oil, reported in the 
paper, establish that normally only ap¬ 
paratus in air need be considered for the 


NONMEMBER AIEE 


effect of radio noise influence, as in co¬ 
ordinated apparatus design the strength 
of parts in oil will exceed those in air. 

Experience has shown that quantitative 
data are essential for this type of study. 
Since adequate methods of measurements 
are available, the next step is the establish¬ 
ing of economical levels, which can only be 
obtained through the co-operation of all 
interested parties, by the collection of es¬ 
sential field data. 

T HE operating principles governing 
radiobroadcasting and reception are 
generally well-known. Good reception is 
possible from a radio receiver of suitable 
characteristics, provided adequate con¬ 
sideration is given to the receiving an¬ 
tenna and provided the field strength from 

Paper number 38-71, recommended by the AIEE 
committee on power transmission and distribution 
and presented at the AIEE summer convention, 
Washington, D. C., June 20-24, 1938. Manu¬ 
script submitted March 24, 1938; made available 
for preprinting May 23, 1938. 

P. L. Bellaschi is sectional engineer in trans¬ 
former engineering, Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.; C. V. 
Aggers is engineer, engineering laboratories and 
standards department of the same company. East 
Pittsburgh, Pa. 

1. For all numbered references, see list at end of 
paper. 


some 35 years old. Hence toward the last 
ten years the refinement and improvements 
that have been made have all been of a minor 
and detailed nature. In other words the 
vein in which distribution transformer de¬ 
signers were working was getting pretty 
thin. The development described by Mr. 
Treanor opens up a very definitely new 
vein. It shows very strikingly that only by 
using material and labor more effectively 
can costs be reduced in the long run. In 
opening up a new field for reducing both of 
those items Mr. Treanor and his associates 
have every reason to believe they have 
brought about a first class achievement. 

It seems to me that the above is the out¬ 
standing phase of the development and that 
that is more important than some of the de¬ 
tails as to how the characteristics of the 
particular steel that is utilized in the new 
design axe obtained or how the ingenious 
arrangement for winding with so little 
labor the cores and placing them on the 
transformer has been worked out. The 
writer, and I feel certain many others who 
have been working in the field of improving 
distribution economics and reducing the 
cost of distribution of electric service, are 
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looking forward to an intensive development 
of this vein and possibly to the opening up 
of new veins and the application of some 
of the economies already made possible on 
lower-sized transformers to larger distribu¬ 
tion sizes where, if the need for reduction in 
costs is not as urgently pressing as it is in 
the field of smaller sizes, it is still neverthe¬ 
less a major problem. There is no question 
that distribution costs can stand further 
reduction, but the distribution engineer 
needs material help from those who are 
spending all their energies in the field of 
designing and building the distribution 
equipment, the cost of which has a major 
influence on the whole problem of dis¬ 
tribution economics. 


E. D. Treanor: We feel with Mr. Spora that 
the "vein” had been getting thin with con¬ 
ventional designs in spite of continued im¬ 
provements in hot-rolled steel and that there 
is hope for a considerable extension on the 
new level. Initial progress may be slow 
but experience with the small units de¬ 
scribed inspires confidence that further ef¬ 
fort along this line will be successful. 
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the broadcasting station is sufficiently 
high. There are many factors detrimental 
to good radio reception. The signal may 
suffer distortion, undue weakening, or 
even complete obliteration at times from 
the effects in the transmitting medium 
and in the complex process of propa¬ 
gation of the signal. 1 * 2 Atmospheric 
electrical discharges and lightning super¬ 
impose their disturbances on the signal 
and may interfere partially or completely 
with reception over wide areas. 8 Another 
source of interference may be con¬ 
tributed from electric power systems and 
in fact from the very household electrical 
appliances, which, along with the radio 
receiver, are contributing to the conveni¬ 
ences and leisure in the modem home. 
The problems involved in securing good 

S-INCH 



Figure t. Recommended EEI-NEMA-RMA 
circuit for determination of radio-noise influ¬ 
ence of high-voltage apparatus 

T—Testing transformer 

L Radio-frequency choke/ shielded/ not less 
than 6,000 ohms reactance at. broadcast 
frequencies 
M —Radio noise meter 

C— Coupling capacitor, not more than 60 
ohms reactance at broadcast frequencies 
G—Dummy antenna capacitor (21 micro¬ 
microfarads) 

D —Device under test 

P— Potentiometer or tapped resistor, 600 
ohms resistance, nonreactive 


radio reception are therefore many and 
complex. 

This paper deals with the radio in¬ 
fluence characteristics of electrical ap¬ 
paratus. As clearly defined by the Joint 
Co-ordination Committee on Radio Re¬ 
ception of EEI, NEMA, and RMA, im¬ 
proved broadcast reception is essentially 
a problem of co-ordinating the newer.use 
of electricity and some of its older uses 
for light, heat, power, transportation, 
and communication. Accordingly after 
some years of experience and study this 
co-ordination body recommended suitable 
methods of measuring the radio influence 
factors of electrical apparatus. 4 This pro¬ 
cedure naturally has unified effort, stimu¬ 
lated investigation of the problem, and it 
has made possible the progress which has 
already been achieved. The investiga- 
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tion reported here fulfills further the aim 
and objectives of the Joint Co-ordination 
Committee in Radio Reception in estab¬ 
lishing new data, findings, and principles 
that will be of assistance in the radio co¬ 
ordination problem. 

Measurement and 
Testing Technique 

The test circuit recommended by the 
joint co-ordination committee 4 for meas¬ 
uring the radio-noise influence factor of 
high-voltage apparatus is given diagram- 
matically in figure' 1. The characteristics 
and adequacy of this method of measur¬ 
ing radio noise already have been dealt 
with to a considerable extent in the 
technical literature. 5 Its practicability 
has well been proved by the experience 
with the first installations and the design 
of recent installations. Two widely 
separated laboratories for measuring the 
radio-noise influence factor of high-volt¬ 
age apparatus are shown, respectively, in 
figures 2A and 2B, and in figure 3. These 
installations comply essentially with the 
established recommendations. A brief 
description of the design characteristics 
of one installation will illustrate some of 
the more pertinent principles. 

The physical parts of the installation 
which correspond to the circuit elements 



Figure 2A. View of Sharon laboratory 


in figure 1 are indicated on the photo¬ 
graphs. The possibility of appreciable 
or even measurable radio noise from the 
circuit proper was eliminated by the use of 
a l 5 /8-inch diameter rod, five-inch diame¬ 
ter spheres at the ends, and, adequacy 
of all apparatus parts. Special connect¬ 
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ing links assembled from large-diameter 
rods and hemispheres are employed to 
connect the object under test to the cir¬ 
cuit. A 50-kv testing transformer with 
regulator control supplies the required 
voltage over the entire range. The room 
was shielded with metal sheets spot- 
welded together and solidly connected to 
a grid system of large strap conductors 
and driven rods which comprise the 
ground. Power to the laboratory is sup¬ 
plied over a several-hundred-foot cable 
from a small transformer station which 
feeds as additional load part of the lamp 
circuit in the large plant nearby. By 
these measures in shielding the room and 
care in the choice of power supply, back¬ 
ground and other interference from ex¬ 
ternal sources were negligible, although 
immediately adjacent to the radio-noise 
laboratory is located a 3,000,000-volt 
impulse generator and also a high-cur¬ 
rent generator. The attainment of free¬ 
dom from external noise sources is a fea¬ 
ture which illustrates again the advan¬ 
tages and practicability of the recom¬ 
mended method. 

The capacitance (C = 0.0021 micro¬ 
farad) of the coupling capacitor and the 
effective inductance (L = 12 micro¬ 
henries) of the drop lead are tuned to 
1,000 kilocycles. The ratio of the radio¬ 
frequency voltages produced by the ob- 



Figure 2B. View of Sharon laboratory 


ject under test on the measuring circuit 
and the recorded voltages appearing 
across the terminating resistance is es¬ 
sentially unity over the entire broadcast 
frequency range as is shown experimen¬ 
tally and by calculation in figure 4. This 
feature is a desirable one to attain. 
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Calibration of the radio-noise meter is 
made by means of a high-frequency signal 
generator modulated 50 per cent at 400 
cycles. The indication on the output 
meter from the unknown voltage is ad¬ 
justed to half scale by a volume control 



Figure 3. View of East Pittsburgh laboratory 



Figure 4. Characteristics of installation in 
figure 2 


on the noise meter. The signal generator 
is then switched on and its output varied 
until the same deflection is obtained on 
the output meter. All radio-noise meas¬ 
urements are therefore based on the signal 
generator and are microvolt root-mean- 
square values. The tests are usually 
made at 1,000 kilocycles which is midway 
in the broadcast frequency range. 

A typical set of tests, showing in figure 
5, was made to correlate the measure¬ 
ments at the two laboratories. In test A, 
a rod to plate was employed; this elec¬ 
trode arrangement has served well as a 
“reference standard” in these and other 
comparative tests. Tests B and C were 
made on electrical equipment. The same 
samples of the equipment were tested 
first at one and then at the second 
laboratory. It should be noted that the 
laboratories are nearly a hundred miles 
apart. Though each conforms with the 
recommended method, they differ from 
each other in a number of details as 
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Figure 5. Correla¬ 
tion tests of two 
laboratories 


shown by figures 2 and 3. The East 
Pittsburgh laboratory, figure 3, is the 
older installation and has a higher voltage 
fating. Again using the rod-to-plate ar¬ 
rangement, tests were repeated at various 
times at Sharon, figure 2. The results 
are plotted in figure 6 and similar data 
appear in figure 9. It is clearly apparent 
from the good agreement in all these tests 
that the recommended method of meas¬ 
uring radio noise fulfills the essential 
feature of all working standards in that 
the results are reproducible by quantita¬ 
tive measurement. 

Other Factors in Testing Technique 

Measurements were made on a pin- 
type insulator and on a rod-to-plate gap 
at various frequencies over the broadcast 
frequencies. The results are given in 
figure 7. These and similar tests indicate 
that the radio-noise influence factors de¬ 
crease with increase in frequency. The 
experience up to the present time in 
testing high-voltage apparatus shows that 
a relatively uniform decrease in radio¬ 
noise influence factors is obtained over 
the entire broadcast range with no tend¬ 
ency in peaking of radio noise at one 
frequency. For this reason it appears 
that the practice in testing at some fre¬ 
quency midway in the broadcast band, 
such as 1,000 kilocycles, is justified. 

The character of radio noise may differ 
considerably, depending on its generating 
source. Thus an important feature of the 
curves for the air-insulated (diy type) 
apparatus in figure 5 is the uniform con¬ 
tinuity in the microvolt rise with increase 
in applied voltage. Physically the phe¬ 
nomena in these cases is one of uniformly 
increased radio interference factor with 
voltage. That the radio interference fac¬ 
tor is sustained and uniform was evi- 
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denced also from the steady indications 
of the output meter. Distinctly different 
from this was the radio noise measured 
from a sphere to plate. As shown in 
figure 8, corona and spark-over for this 
electrode gap occur simultaneously up to 
about 3.5 sphere-diameter spacing. At 
the wider spacings corona appears before 
spark-over voltage is reached. From the 



Figure 6. Comparative tests at one labora¬ 
tory 

Rod-to-plate gap/ three-inch spacing 

visual and aural observations the corona 
is brusque, in the nature of streamer 
formation. In fact, the microvolt curves 
in figure 8 confirm this initial relatively 
intense discharge, as the lowest measure¬ 
ment that could be recorded is approxi¬ 
mately 500 microvolts. The intermit¬ 
tent streamer discharges account also for 
the unsteady behavior of the output meter 
in these tests. A similar performance 
was recorded for the rod to plate above 
25 kv where a discontinuity in the curve 
(figure 6) appears. In short, the two dis¬ 
tinct types of corona effects referred to, 
well illustrate the different character of 
radio noises that may be encountered. 

Other factors that need be taken into 
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account in radio-frequency testing are 
the density and humidity of the air. It 
is recognized that breakdown and corona 
voltage both depend upon the relative air 
density and the absolute humidity. In 
general, the amount of correction for 
variation of the air density is small. 
Fundamentally, in radio-interference 
work this correction would appear to be 
proportional to the air density, the same 
as applied to voltage breakdown. Due to 
the fact that the effect of absolute humid¬ 
ity in high-voltage testing is relatively 
greater than the relative air density, it 
appeared desirable to determine its effect 
on radio-frequency testing. 

Tests were made at one of the labora¬ 
tories where by virtue of the enclosed 
room the absolute humidity could readily 
be controlled. First the tests were made 
at a low humidity. A certain amount of 
steam was then injected into the room and 
the air kept well stirred up until the higher 
humidity was uniformly attained in the 
room. The tests were repeated. Thus 
the testing at the two humidities and with 
identically the same test setup was com¬ 
pleted in an hour or less. Results for 
the rod to plate are given in figure 9. 
These data have been confirmed by other 
tests. This investigation establishes that 
for the rod to plate and for similar elec¬ 
trode arrangements the voltage corre¬ 
sponding to a given radio noise value in- 



Figure 7. Comparison of tests over the broad¬ 
cast range 

Relative air density = 0.98 
Absolute humidity = 4.4 grain per cubic foot 

creases with the absolute humidity 1.5 
to 3.0 per cent for each grain per cubic 
foot. On the average the increase is 2.5 
per cent over the entire range in figure 9. 
This variation in humidity correction fac¬ 
tor for radio noise is substantially the 
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same as that applied to 60-cycle flashover 
of rod gaps and suspension insulators. 6 
Below the very low values of 50 to 100 
microvolts the microvolt correction for 
humidity becomes insignificantly small. 

Comparison of Noise Meters 

The Joint Co-ordination Committee on 
Radio Reception of EEI, NEMA, and 
RMA have formulated specifications for 

Table 1. Selectivity of Three Receivers 
Band Widths (Kilocycles) Versus Signal Ratio 


600 Kc 


1,000 Kc 1,400 Kc 


Receiver 


10/1 100/1 10/1 100/1 10/1 100/1 


A.. 

..12.. 

..24.. 

..18.. 

..37.. 

..31.. 

..64 

B., 

..10.. 

..17.. 

.. 9.. 

..IS.. 

.. 9.. 

..19 

C.. 

..12.. 

..22.. 

..21.. 

..40.. 

..27.. 

..69 


a radio noise meter. These specifications 
were formulated at the time when tuned- 
radio-frequency receivers were the most 
commonly used but since that time the 
designs of the radio receivers have 
changed considerably. The selectivity 
curves of radio receivers are a major 
characteristic which affects the response 
of radio receivers to extraneous noises. 
While the tendency in the past has been 
toward greater selectivity, the demand 
for higher fidelity in recent years has re¬ 
quired the manufacturing of less selective 
receivers. Although the specifications 
for the radio-noise meter were formulated 
in 1931, no changes in these specifications 
have been found necessary. 

In order to determine the relative re¬ 
sponse of three different radio instruments 
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are of the tuned-radio-frequency type; the 
third is a superheterodyne receiver. 

The curves in figure 10 show the results 
of these three receivers when measuring 
the radio influence factor from a rod to 
plate gap separated three inches. This 
type of noise has produced the greatest 
deviation between receivers. Figure 11 
shows the results when measuring the 
radio-influence factor from a pin-type 
insulator. It should be noted that the 
superheterodyne receiver B indicates a 
value of noise which on the average falls 
between the two tuned-radio-frequency 
noise meters. 

The selectivity curves of all receivers 
are shown by table I and it is interesting 
to note that although the superheterodyne 
receiver B is highly selective at 1,000 
kilocycles, the results obtained by this 
instrument are relatively dose to the 
tuned-radio-frequency instruments. The 
maximum deviation that has been noted 
in the values indicated by the three in¬ 
struments has been slightly over two to 
one. These instruments do not always 
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Figure S. Sphere-to-plate tests illustrating 
character of radio noise 

Two-centimeter sphere to plate 


that are being used in the laboratories for 
measuring radio-frequency influence fac¬ 
tors, radio-frequency voltages of different 
character were measured with the three 
instruments. Two of these instruments 
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ter is now being used with instrument 
A so that all voltage measurements are 
made below 1,000 microvolts. With this 
arrangement consistent results are ob¬ 
tained between the three instruments. 
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Figure 9. Effect of humidity 


maintain the same relative position as 
shown in figures 10 and 11. In some 
cases, receiver B will measure less than 
receivers A and C but always within the 
deviation limits given above. 

Instruments A and C correspond to the 
specifications formulated by the Joint 
Co-ordination Committee on Radio Re¬ 
ception, The output of instrument A 
is highly distorted for values of inter¬ 
ference above 1,000 microvolts. This dis¬ 
tortion does not exist in either the super¬ 
heterodyne receiver B or instrument C up 
to values in the order of 20,000 to 30,000 
microvolts. Repeated tests have indi¬ 
cated that the higher values measured by 
instrument X are in error. A potentiome¬ 
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Fig. 10. Comparison of radio-frequency 
voltages measured by three instruments (tests 
on rod gap) 

Relative air density *= 0.99 
Absolute humidity = 3.5 grains per cubic foot 

Instruments A and C are battery- 
operated radio-noise meters. Because of 
the continuous service required and due to 
the fact that the superheterodyne re¬ 
ceiver incorporated a loudspeaker, it was 
used in obtaining a portion of the data 
presented in this paper. It is not ad¬ 
vocated however to substitute any radio 
receiver for the recommended radio noise 
meter unless facilities are available to 
determine the relative merits. 

Output Meter 

The joint co-ordination committee 
specifies that the output meter for the 
radio-noise meter should be a critically 
damped instrument having an undamped 
period of one-half second. The present 
noise meters have a Rectox-type output 
instrument which gives an average value 
of the radio interference voltage. There 
has been and probably will be in the 
future more or less criticism of the output 
instrument specified by the Joint Co¬ 
ordination Committee on Radio Recep¬ 
tion. The problem of selecting such an 
instrument is similar to that which has 
been encountered by committees in stand¬ 
ardizing on a sound level meter. Some 
feel that the meter should be faster, 
others feel that the output meter should 
be over-damped. Still, others advocate 
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Table II. Radio-Frequency Voltage and Noise Measurements 


Voltage 

Output 


Noise Level 

Noise 


Applied 

Meter** 


(Decibels) 

Intensity 


Rod Gap 

Milli- 

Micro- 



(Micromicro- 

Noise 

(Kilovolts) 

amperes 

volts 

(40)* 

(80)* 

watts) 

Loudness 

16.6.... 

...0.1. .... 

... 680_ 

_75 .. 

.76 

a 2nn 

11 750 

20.0.... 

...0.2;. 

... 940.... 

..,80.5.. 

.80 .. 

. 11,250. 

...17,000 

20.7... 

...0.3. 

..,1,150.... 

...82 .. 

.82 .. 

.. 16,000. 

...19,500 

22.0.... 

...0.4. 

.. .1,300_ 

...84.5.. 

.84 5 

28 ann 

_24,000 

23.5... 

...0.5. 

...1,400.... 

. ..85.5.. 

.85.5.. 

... 36,000. 

. ’.25,000 

25.8.... 

...0.6. 

... 1,550.... 

...87 .. 

.87 

An nnn 

28 500 

27.0.... 

...0.7. 

...1,700.... 

...87.5.. 

.87.5.. 

. 56,000. 

.. .30,000 

27.3.... 

...0.8. 

...1,820. 

...90 ... 

.90 ., 

..*....100,000_ 

.. .37,000 


* Forty and 80 decibel equal-loudness contours, 

** Volume control of noise meter (instrument B) at 45 on dial. 
Microphone one foot directly in front .of the loudspeaker. 


using a crest instrument for measuring 
the radio-frequency voltages produced by 
various devices. It is apparent that some 
difficulties in measurement will be en¬ 
countered regardless of the type of output 
meter. Consequently, the instrument 
which is the most effective for measuring 
the radio-frequency voltages from the 
largest number of electrical apparatus 
or devices encountered, should be used. 

It was realized that the crest voltage 
produced by the majority of electrical 
devices or apparatus would not compare 
favorably with the loudspeaker response. 
Consequently, it was felt that an averag¬ 
ing tube voltmeter, such as is being used 
for monitoring broadcasting stations 
(figure 12) might be an adequate com¬ 
promise between measurements of peak 
values of noise by the grid bias and meas¬ 
urements of average values with a highly 
damped and slower instrument as recom¬ 
mended by the joint co-ordination com¬ 
mittee. An investigation was conducted 
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Figure 11. Comparison of radio-frequency 
voltages measured by three instruments (tests 
on insulator) 

Relative air density =■ 1.0 
Absolute humidity = 1 grain per cubic foot 
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in the laboratory to determine the per¬ 
formance of this average tube voltmeter 
(figure 12) as compared to the Rectox- 
type output meter. This average tube 
voltmeter circuit is such that peaks of 
duration between 40 and 90 milliseconds 
are indicated to 90 per cent of full value 
and the discharge rate adjusted so that 
the pointer returns from full reading to 
10 per cent of zero within 600 milli¬ 
seconds. The speed of the indicating 
meter is such that the time for one com¬ 
plete oscillation of the pointer is 290 to 
350 milliseconds. The damping factor is 
such that the overswing is not less than 
one-half per cent or more than six per 
cent 

Comparison of these two output meters 
was made by measuring the amplitude 
of the radio-frequency voltages produced 
by three devices. A signal generator 
was then connected to the input of the 
receiver and observers determined when 
the output of the signal generator and 
device under test indicated equal loud¬ 
ness. 

The receiver used in these tests was the 
instrument B . This is, as stated above, 
a superheterodyne receiver. It employs 
one radio-frequency stage, oscillator, first 
detector, two intermediate amplifiers, 
second detector, and push-pull audio am¬ 
plifier. A circuit analysis of it appears in 
Radio, November 1930. This receiver 
was equipped with a loud speaker. A 
Rectox output meter and the averaging 
tube voltmeter were connected in parallel 
and condenser coupled to the plates of the 
push-pull amplifier. 

In making the measurements, the sen¬ 
sitivity of the receiver was adjusted so 
that the output of the noise was sufficient 
to give half scale deflection on the Rectox 
meter. The input potentiometer on the 
crest instrument (average tube voltmeter) 
was then adjusted so that maximum de¬ 
flections could be read on the scale. A 
more exact determination of the pointer 
deflections was obtained by holding the 
edge of a card in front of the dial and 
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adjusting it so that the needle was just 
visible for maximum variation. The ad¬ 
justment of the input potentiometer was 
not changed during the time of test with 
any one observer. A signal generator 
with a 400-cycle audio component, and 
50 per cent modulated output, was sub¬ 
stituted for the noise source to determine 
the value of these two noise levels in 
microvolts. 

The observer then compared by ear the 
relative volume obtained from the loud 
speaker when the noise source was con¬ 
nected to the receiver and when the signal 
generator output was substituted for the 
noise. The sensitivity of the receiver 
was held constant and the signal generator 
output adjusted until the two seemed to 
be of equal loudness. 

The curves in figure 13 show the results 
of tests made with a 110-volt a-c uni¬ 
versal-type motor, 33-kv pin-type in¬ 
sulator, and spark gap, respectively, as the 
source of the noise. The spark gap was 
used to produce a peak discharge which 
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Figure 12. Circuit diagram of average tube 
voltmeter 

Ri 40 megohms C—0,007 microfarad 

R% 68,000 ohms M —Rectifier-type meter 

Rz 680,000 ohms T —Tube type 76 

Ri —500,000 ohms 


would simulate the type of noise from 
ignition systems. 

It should be noted that the average tube 
voltmeter in all cases indicated higher 
values than the audio comparison. The 
present specified output meter indicated 
lower values by approximately the sam e 
amount. Present data indicate that the 
sensory build-up time, i.e., the time 
needed for a suddenly applied steady 
wave to build up to a steady loudness, is 
in the order of 0.2 to 0.25 seconds. 7 The 
average tube voltmeter will measure peaks 
of much shorter durations than the ear 
while the present output meter will only 
measure peaks of longer durations. 

For practically all applications it ap¬ 
pears that the present type of output 
metej* gives an indication which is 
sufficiently dose to the audio output of a 
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radio receiver. This characteristic well 
justifies its use. It has the additional 
advantage of being simple and inexpen¬ 
sive which is highly desirable for indus¬ 
trial laboratory and field work. 

Correlation Between 
Radio-Noise Measurement 
and Acoustical Loudness 

The desirable radio noise measuring 
instrument is one that would indicate 
values which simulate the ear response. 
The American Standards Association 
has published tentative standards for 
acoustical noise measurement 8 and has 


s 
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Figure 13. Comparison of audio, average, 
and crest values 



formulated the requirements of sound 
level meters for measurement of noise 
and other sounds. 9 This instrument at¬ 
tempts to approach the human ear by 
weighing the various audio-frequency 
components with respect to the standard 
1,000-cycle reference loudness level. 

It is interesting to note that the radio 
noise meter and the sound level meter 
primarily attempt to determine or weigh 
the effect of two different types of com¬ 
plex waves on the ear. One is used to 
measure the modulated high-frequency 
voltage while the other measures sound 
picked up by a microphone. 

Tests were conducted to determine if 
any relationship existed between measur¬ 
ing the output of the radio set with Rec- 
tox-type output meter (instrument B in 
figures 10 and 11) and with a sound 
level meter which complies with the 
ASA standards. 10 The modulated radio¬ 
frequency voltages were produced by a 
rod-to-plate gap and measured by the 
standard radio noise method. In meas¬ 
uring the audio output of the radio set, 
the microphone of the sound level meter 
was placed at a distance of one foot di¬ 


rectly in front of the loudspeaker. The 
scale of the output meter was zero to 
one. The volume control was adjusted 
for 0.1 on the output meter and the 
radio-frequency voltage and the sound 
level meter readings taken. The voltage 
on the rod gap was increased and for 
every 0.1 increase in deflection on the 
output meter, the modulated radio¬ 
frequency voltage and the sound level 
noise meter readings were noted. 

Table II shows the results obtained 
with one sensitivity setting of the radio 
set. The radio-frequency voltages in¬ 
creased from 680 to 1,820 microvolts. 
The noise level increased from 75 to 90 
decibels and the auditory sensation or 
loudness from 11,750 to 37,000 units. It 
should be noted that the microvolts in¬ 
creased 2.68 times and the auditory sen¬ 
sation 3.15. . 

Figure 14 shows three curves, each 
taken at a definite sensitivity and cover¬ 
ing a given range of microvolts. In these 
three measurements the microvolts in¬ 
creased, respectively, 2.0, 7.0, and 4.0 
times and the corresponding noise loud¬ 
ness increased 1.5, 5.5, and 5.2. These 
tests were made with the radio set at 
1,000 kilocycles. Similar tests as for 
curve C but at 1,400 kilocycles gave a 
microvolt increase of 5.6 times against a 
loudness increase of 4.4 and at 600 kilo¬ 
cycles the microvolts increased 5.1 and 
the loudness 5.2. 

Similar relationships in the relative in¬ 
crease between microvolts and loudness 
as shown in figure 14 were obtained with 
the microphone at greater distances from 
the loudspeaker. For instance, in one 
test similar to curve C but with the 
microphone placed at two feet directly 
in front of the loudspeaker, the micro¬ 
volts increased 6.3 times while the loud¬ 
ness increased 6.0 times. 

All these tests were made in one of the 
two laboratories where inherently the 
background noise level can readily be re¬ 
duced to 50 decibels and even less so that 
it practically had no influence or required 
no compensation on the tests proper. An 
attempt was made to analyze the fre¬ 
quency components of the loudspeaker 
noise. It was found that the frequencies 
contained in this type of radio noise were 
too numerous and complex to permit fre¬ 
quency analysis. 

From these tests the ratio of the in¬ 
crease in microvolts to the increase in 
auditory Sensation did not vary more than 
0.77 to 1.34. In a number of cases and on 
the average the ratio was dose to one. If 
we assume that the response of the sound 
level meter simulates the human ear re¬ 
sponse, we can accordingly assume that 



Figure 14. Correlation between radio noise 
measurements and acoustical loudness 


Noise meter at 1,000 kilocycles 
Volume dial setting A, B, C 
Microphone one foot in front of loud-speaker 
Radio-frequency voltage from three-inch rod to 
plate 


our present output meter likewise cor¬ 
responds in effect somewhat to the re¬ 
sponse of the human ear. 

Comparative Measurements 
of Corona Starting Voltage 

Various means have been employed in 
determining the starting voltage of corona 
of high-voltage equipment. Recently 
tests were conducted to determine the 
effectiveness of detecting corona starting 
voltage by the use of a cathode ray 
osdlloscope, ear, eye, and the standard 
method of measuring radio noise. 

Difficulty was encountered in attempt¬ 
ing to use the cathode-ray oscilloscope 
and after considerable experimenting, an 
untuned radio-frequency choke coil was 
connected in series with the ground lead 
of* the apparatus. A parallel resonant 
circuit tuned to 1,185 kilocycles was con¬ 
nected across this choke through a block¬ 
ing condenser. The oscilloscope was then 
connected across this resonant circuit. 
By this means, the 60 cycle and low fre¬ 
quency harmonics were filtered out. 

The tabulation below shows the thresh¬ 
old of corona by different methods from 
three pieces of apparatus. The standard 
method of measuring radio noise de¬ 
tected the lowest starting voltages. 

In totally inclosed apparatus, the 
standard method of measuring radio noise 
detects corona starting voltage very much 
below the audible or visual methods. 




Kilovolts 



Au- 

Oscillo- Vis- 


Sample 

dible 

scope 

ual 

Radio 

High-voltage switch.. 

.26.0, 

..28,2. 

.26.0. 

.20.0 

Current transformer., 

..11.0, 

..12.0. 

.12.0. 

. 6.2 

Circuit breaker. 

. 6.1 

.. 7.7. 

.13.0. 

. 4.86 
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Tests were made on the rod-to-plate 
(one-quarter-inch square rod) at various 
spacings. Initial audible corona was 
detected with an insulation tube of 
funnel-like shape which conveyed the 
sound at the rod end to the observer’s 
ear. Corona could be detected by the ear 
at about 100 microvolts. 

Comparative Tests in Air and in Oil 

Electrical apparatus assumes many 
forms, depending bn the application and 
on the design. It is apparent that a com¬ 
plete survey of the radio-noise influence of 
all apparatus would require an extensive 
program, although a good deal of work 
already has been done in this direction. 
However, an appraisal of this problem is 
simplified when it is recognized that most 
apparatus at the present operates either 
in air or in oil. The corona characteris¬ 
tics of these two dielectrics either alone 
or in combination with the dielectric 
bodies of the apparatus proper, such as 
porcelain, fullerboard, and so on, are im¬ 
portant factors in a survey of the radio 
noise influence of electrical apparatus. 
Certain principles will become apparent 
from a consideration of typical tests 
which have been made in air and in oil. 

Tests in air are shown in figure 15. 
These characteristic curves bear out in the 
first place the influence of the shape of the 
electrode. The radio noise measure¬ 
ments and therefore corona appear at a 
lower voltage when the electrode is a 
plain rod and it can be seen also that the 
characteristic curve is essentially the same 
whether this is a one-quarter-inch square 
rod or a one-eighth-by-one-inch rectangu¬ 
lar strap. The curves show that for the 
same microvolt level twice the voltage 
may be applied to the sharp-cornered 
disk as compared to the voltage on the 
rod. A rounded electrode such as a 
sphere of sufficiently large diameter pre¬ 
sents certain advantages in reducing 
corona formation, provided the surface of 
the electrode is kept dean. In practice 
apparatus may be exposed to dirt, mois¬ 
ture, rain, and so on, with the result that 
large smooth surfaces are in such case 
more detrimentally affected than would 

be the sharper-edged electrodes. 

A point of interest in the characteristic 
curves for air (figure 15) is that consider¬ 
ably higher microvolt values are reached 
by the short gaps. Thus with the one- 
half-mch gap spacing, fpr either the rod 

or disk-type electrode, very high radio-fre¬ 
quency voltages can be generated whereas 
for the correspondingly larger gaps spark- 
over occurs before these high values can 

he rp&rh 


In electrical apparatus the body of a 
solid dielectric or a combination of di¬ 
electrics appears between the line and 
ground electrodes assuming one form or 
another which depends on the design and 
the application of the apparatus. If the 
presence of the dielectric body increases 
or decreases the stress on the air as com¬ 
pared to the stress between the electrodes 
in air alone, then the microvolt-voltage 
characteristic curves will accordingly be 
modified, respectively, upward or down¬ 
ward. Thus the presence of the por¬ 
celain body in the case of the line insula¬ 
tor may further raise the microvolt- 
voltage curve in comparison to that of the 
tie wire and pin electrode in air alone. By 
proper design and grading of the body 
part, the stress on the air may be reduced. 
In the case of a condenser-type bushing 
the inherent grading of the stress in the 



Figure 15. Radio-noise characteristics of air 
for various electrode arrangements 

Type of electrode: 

• One-quarter-inch square rod 
0 One-eighth by one-inch rectangular strap 
X Nine-inch diameter, one-inch thick disk 
O 0.8-inch diameter sphere at end of one- 
half-inch diameter rod 


dielectric body and over its surface con¬ 
tributes also in reducing the stress in the 
adjacent surrounding air. In this case the 
stress on the air at the line terminal even 
for sharp electrode parts is much less than 
it would be anticipated from, the stress 
which appears between the terminal elec- 
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trodes in air alone. It is apparent then 
that the radio-frequency voltage from 
electrical apparatus in air depends es¬ 
sentially on the relative stress imposed on 
the air. Characteristic curves of the air 
alone as shown in figure 15 are neverthe¬ 
less of fundamental guidance in apprais¬ 
ing the general problem. 

The rod-to-plate gap was tested in oil 
at spacings from a fraction of an inch to 
an inch. The voltage was raised until 
breakdown of the oil gap occurred so that 
up to 45 kv was applied for the larger 
gap tested. No radio-frequency voltage 
could be detected up to breakdown of the 
gap. 

Tests were made on fullerboard sheets 
in oil. The fullerboard was thoroughly 
dried out in a heating oven and oil im¬ 
pregnated under vacuum similar to the 
treatment for transformers. The sheets 
of fullerboard were immersed under oil 
in their own test tank. A sheet was 
pressed firmly between a 2 I / 2 -inch di¬ 
ameter disk with square edges and a 
grounded plate, as shown in figure 16 
and tested. Curve A is the test result 
for a one-eighth-inch thick fullerboard and 
curves B, C, and D give similar tests for 
0.056-inch fullerboard. 

The characteristic curves A, B } C, and 
D rise abruptly and reach very high 
microvolt values. They clearly indicate 
that corona in oil is in effect much more 
intense than in air. In similar tests that 
had previously been made on the strength 
of insulation 11 the corona at the edge of 
the disk was detected visually at about 
25 kv and 36 kv for the 0.056-inch and 
one-eighth inch fullerboard sheets, re¬ 
spectively. It appears to the writers that 
the radio noise method is also an effective 
means to study and measure corona. 
When the phenomena is partly or entirely 
concealed, such as is in these tests, it has 
been found a superior method to any of the 
others available. To illustrate this point 
further, a one-eighth inch fullerboard sheet 
that had not been dried or treated was 
tested. The results are plotted in curve 
E which by comparison to curve A show 
the benefits which accrue from drying and 
treating the fullerboard. 

In practical design even for the lower 
classes of distribution apparatus, clear¬ 
ances in oil normally exceed the amount 
indicated in figure 16. The mechanical 
requirements alone generally require 
larger clearances. Besides the conduct¬ 
ing parts normally are insulated thus se¬ 
eming relatively better performance than 
indicated. Considering the fact that the 
corresponding air. clearances would be in 
the order indicated in figure 15, it is 
clearly apparent that the radio noise in- 
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Figure 16. Radio-noise measurements of in¬ 
sulation in oil 


fiuence of electrical apparatus principally 
concerns the apparatus or the part of the 
apparatus in the air. Similar considera¬ 
tion of and experience with voltage ap¬ 
paratus of higher voltage classes likewise 
establish that normally only the appara¬ 
tus in air need be tested for the effect of 
radio noise influence as the strength of the 
apparatus or corresponding part in oil 
well exceed in good design those in air. 
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Discussion 

C. W. Frick (General Electric Company, 
Schenectady, N. Y.): During the past six 
or seven years considerable experience has 
been gained with methods of determining 
radio influence characteristics of apparatus 
at several different laboratories and to some 
extent in field investigations. The present 
paper is a valuable contribution to this 
work. As the paper points out, the Joint 
Co-ordination Committee on Radio Re¬ 
ception of EEI, NEMA, and RMA has 
recommended circuits for the determination 
of interference influence of high-voltage and 
low-voltage apparatus. The quantity which 
is measured is called noise voltage in the 
committee report and is expressed in modu¬ 
lated microvolts, but in the paper it is 
called the radio influence factor. The name 
used in the paper has considerable merit 
because the quantity in question serves as 
an index of influence on radio reception. In 
this respect it is analogous to the telephone 
influence factor (TIF) which is a useful 
index of the influence of power-system wave 
shape on wire communication systems. On 
the other hand, the present name, noise 
voltage, has some advantage because it 
suggests the units in which the quantity is 
measured while a factor is generally thought 
of as a ratio, for instance power factor, form 
factor, space factor, and similar terms. 
The joint committee has not as yet adopted 
the name radio influence factor, and those 
wishing to use the term should explain its 
meaning as the authors have done. 

The paper presents an interesting study 
of the effect of different types of output 
indicator. The present output meter is a 
microammeter which indicates an average 
of the rectified output of the radio re¬ 
ceiver element of the noise meter. It is a 
critically damped instrument having an 
undamped period of 0.5 second as specified 
by the joint committee. Some engineers 
have suggested that an instrument which 
responds to noise peaks might give a better 
indication of the effects on radio reception. 
The paper compares the present output 
meter with one consisting of a tube volt¬ 
meter operated on a capacitance-resistance 
network characterized by rapid charge and 
slow discharge so that it tends to average 
the noise peaks* The authors call this an 
averaging tube voltmeter. Figure 13 of the 
paper shows that this averaging tube volt¬ 
meter gives higher readings than the present 
output meter for common types of noise, 
such as motor noise; that is, it requires a 
higher value of the calibrating Voltage 
modulated 50 per cent to match the noise 
indication on that instrument than it does 
when the present outpfit meter is used. This 
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result would be expected because noises ap¬ 
pear to consist of a rapid series of impulses. 
The curves also show that readings with 
the two instruments are different in ratios 
for different types of noise. 

When the joint committee’s specifications 
were prepared, it was realized that radio 
noise is quite complex and its effects on 
reception involve many factors including 
those associated with loud-speakers and 
with the ear. It was felt that the thing to 
do was to set up the best instrument that 
could be obtained according to the state of 
the art then, and to make improvements 
later as found necessary. Therefore they 
specify certain electrical characteristics for 
the receiver element and a certain period 
and damping for the output meter, based 
on the information then available. The 
paper includes an additional check on the 
present output meter by an ear comparison 
method where the noise is compared with the 
calibrating tone as heard in a loudspeaker. 
The curves of figure 13 for this audio com¬ 
parison show better correlation with the 
present method than obtained by a similar 
test with the averaging tube voltmeter 
method. The present type of radio noise 
meter has been in the field for several years 
and has made it possible to collect useful 
data on common types of noise from dif¬ 
ferent observers. For this purpose it seems 
to be better than anything else that has 
been suggested. 


P. H. McAuley (Westinghotise Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors have demonstrated the 
practical nature of the circuit recommended 
by the joint co-ordination committee. The 
radio influence factor of high-voltage ap¬ 
paratus can be checked in different labora¬ 
tories at different times with different types 
of meter with good agreement. In addition 
to the East Pittsburgh laboratory de¬ 
scribed in the paper, which has been in 
operation since 1930, radio interference 
tests have been made at the Trafford 
laboratory from time to time. One of the 
500-kv transformers is used, but the capaci¬ 
tor stack at present limits the voltage to 
about 200 kv. However, it is possible to 
test the highest voltage apparatus above 
its operating voltage to ground. At volt¬ 
ages above 150 kv, corona on leads and con¬ 
nections becomes somewhat of a problem. 
So far we have been able to use two-inch- 
diameter aluminum tubing with carefully 
made joints. Six-inch spheres are used at 
the ends. In general, a radio influence test, 
on 230 kv apparatus for instance, requires 
a careful arrangement of the complete high- 
voltage circuit. 

For many years the laboratories have been 
able to make reliable tests. The crying 
need for years has been the establishment 
of levels of permissible noise for different 
classes of equipment. We are able to de¬ 
termine the radio influence characteristic 
curve of a piece of apparatus but we are 
unable to say whether it is satisfactory at 
its rated voltage. The establishment of 
levels is essentially an operating problem, 
because they should be based on experience 
with equipment now in service. It is hoped 
that it will soon be possible to correlate 
field and .laboratory testing to the extent 
tha t permissible levels satisfactory to both 
manufacturer and user can be set. 
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A Position Regulator for Paper Slitters 

By F. H. GULLIKSEN 

MEMBER AIEE 


P APER slitters are used to trim the 
edges of paper webs so that a paper 
roll with even rides can be wound from 
an unevenly wound roll. ‘When the paper 
has printed designs. on it, the slitting 
must be done at a definite distance from 
the printed design. The slitter knives are 



REVERSING 

MOTOR 


Fisure 1. Schematic arrangement of paper 
slitter 


stationary as shown in figure 1. In 
order to slit the paper at the same posi¬ 
tion relative to the design when the posi¬ 
tion of the paper relative to the shaft of 
the unwinding roll is varying, it becomes 
necessary to adjust the position of the un¬ 
winding roll transversely. 

To do this, a line is printed on the paper 
as part of the printed design and a photo¬ 
tube is arranged to scan this line. 
Through suitable electronic equipment 
and a reversing motor, the position of the 
unwinding roll is adjusted to keep the 
paper in the same position in relation to 
the slitter knives. 

It has been customary to use a scanner 
with two phototubes which would scan 
the line printed on the paper as shown 
in figure 2. The phototubes were con¬ 
nected in a bridge circuit and the output 
of the bridge circuit was used to control 
the electronic regulator and the reversing 
motor. 


The paper industry requires that the 
line printed on the paper should not be 
wider than one-eighth inch, which necessi¬ 


tates focusing the two light beams one- 
eighth inch apart, and obviously, the 
range of control with the scheme shown 
in figure 2 will be only one-eighth inch. 
If the paper, therefore, should move out- 
side the one-eighth inc h range, the regu- 

Pjpcr number 38-64, recommended by tbe AIEE 
jrfnt tubcommittce on electronics and presented 
at the AIEE summer convention, Washington 
D. C., June 20-24, 1938. Manuscript submitted 
M^19 2 i938 38; made available for Preprinting 
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lator would lose control. It is also 
evident that any change in phototube or 
lamp characteristics would change the 
regulating position. 

The purpose of this paper is to de¬ 
scribe a new slitter regulator which em¬ 
ploys only one phototube, and which 
widens the range of control to one inch 
regardless of the width of the printed 
line. 

The Single Phototube Scanner 

The new single phototube scanner 
shown in figure 3 consists of an 1,800-rpm 
synchronous motor with four lenses 
mounted on its shaft. A lamp is mounted 
as shown in figure 4 so that the lenses fo¬ 
cus four light beams on the paper and the 



REVERSING MOTOR 


Figure 2. Slitter regulator employing two 
phototubes 



Figure 3. New scanner with one single 
phototube 
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printed indicating line. A phototube is 
arranged to intercept the light reflected 
from the paper. A top view of the four 
lenses, the printed line, and the light 
beams L\ to Z, 4 , is shown in figure 5. In 
figure 5A the line is located in the center 
of the light-beam circle while in figure 
5B the line is displaced to the left. The 
light beams rotate synchronously, each 
beam making one revolution in two cycles. 
Each time a light beam intercepts the 
line in the position indicated in figure 4, 
the illumination on the phototube is de¬ 
creased. This change in phototube illumi¬ 
nation is amplified as shown later in this 
paper, so that a peaked voltage impulse 
is obtained once every half cycle, refer¬ 
ring to the frequency of the a-c source to 
which the synchronous motor is con¬ 
nected. The angular position of the 
lenses relative to the motor shaft is such 
that when the line is in position A the 
impulse voltage occurs at 90 degrees phase 
angle, whereas with the line in position 
bB the impulse voltage location is ad¬ 
vanced as shown in figure 6. 

For every position of the line on either 
side of the center position, an impulse is 
obtained, and there is a definite relation¬ 
ship between the angular location of the 
impulse voltage relative to the a-c supply 
voltage, and the space location of the 
line. This relationship is used to indi¬ 
cate the position of the paper. 

synchronous 



Figure 4. Schematic arrangement of tingle 
phototube scanner 



Fisure 5. Development of light beam* 
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The Amplifier 

A conventional amplifier with capaci¬ 
tor coupling in the grid circuit and trans¬ 
former coupling in the anode circuit is used 
as shown in figure 9. The amplifier tube 
is normally biased to give a high anode 
current. When one light beam intercepts 
the line, and the illumination on the pho¬ 
totube is decreased, the grid of the am¬ 
plifier tube is made highly negative and 
the anode current is decreased, thus giv¬ 
ing an amplified impulse on the second¬ 
ary side of the anode circuit transformer. 
This impulse is used to control the selec¬ 
tive indicating circuit. 

The Selective Indicating Circuit 

The purpose of the indicating circuit 
is to detect the phase-angle location of 
the voltage impulse obtained from the 
amplifier. To make the circuit inde¬ 
pendent of variations in supply voltage 
and tube characteristics the circuit is 
arranged to respond only to phase angle. 



Figure 6. Location of the impulse voltage 
for positions 5 A and 5B 


Ea 




Figure 7. The selective indicating circuit 
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As shown in figure 7 two thyratron tubes 
1 and 2 are used. The grid-control volt¬ 
age for tube 2 is the amplified impulse 
voltage from the phototube, connected 
in series with a negative d-c bias voltage, 
and tube 2, therefore, is initiated at a 
point on the a-c voltage wave dependent 
upon the location of the impulse voltage 
Ei, which, as previously outlined, is a 
function of the space location of the line. 
When tube 2 becomes ionized, rectified 



Figure 8. The motor-control circuit 



Figure 9. Schematic diagram for position 
regulator 


a-c voltage appears across resistor 3, and 
persists during the remainder of the half 
cycle. The voltage across resistor 3 is 
connected in negative sense in the grid 
circuit of tube 1, so that tube 1 cannot 
become ionized if current is already es¬ 
tablished through resistor 3. Tube 1 
has a permanent negative grid bias ob¬ 
tained from Rectox rectifier 5, which is 
supplied with a-c voltage from the 90 
degrees phase-shift circuit consisting of 
resistor 6 and capacitor 7. 

Because of the interlock action of re¬ 
sistor 3, tube 1 does not conduct current 
if the impulse voltage Ei occurs ahead of 
the 90 degrees position as shown in the 
curves in figure 7 B. If the impulse volt¬ 
age occurs later than the 90 degrees posi- 

Guttiksen—Position Regulator 



Figure 10. A front view of die regulator 
cabinet 


tion current h flows as indicated in fig¬ 
ure 7 A. 

A saturable transformer 4 is connected 
in series with tube 1, and the secondary 
winding of this transformer is connected 
in a bridge circuit with resistor 8 so that 
the output voltage Eq of transformer 9 
is reversed when the primary winding of 
transformer 4 is energized. If, therefore, 
the line on the paper is moved from one 
side of the central position to the other, a 
180 degrees reversal of voltage Eo results. 
This condition is used to obtain reversal 
of the armature voltage for the roll-ad¬ 
justing motor. 

The Motor-Control Circuit 

As shown in figure 8 two thyratron 
tubes 1 and 2 are used to supply reversi- 
able rectified a-c voltage to the arma¬ 
ture of the roll-adjusting motor. When 
tube 1 is conducting current the arma¬ 
ture voltage polarity is as shown in figure 
8. Reversal of armature polarity re¬ 
sults when tube 2 is conducting. The 
current through tubes 1 and 2 is con¬ 
trolled by means of voltage Eo- Reversal 
of this voltage, in the manner previously 
described, reverses the grid polarity of 
the tubes so that one tube becomes ion¬ 
ized and current stops flowing in the other 
tube. Rectox rectifiers 5 and 6 are used 
to refer the grid voltage to the cathode of 
that tube whose anode at that instant is 
positive relative to the cathode. 

Reactor 3 is used to limit the tube 
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A Static Constant-Current Circuit 


By C. M. SUMMERS 

ASSOCIATE AIEE 


Synopsis: Static constant-current circuits 
have been constructed by connecting an 
iron-core reactor, with predetermined char¬ 
acteristics, in parallel with a capacitor of a 
specified size such that the resultant input 
current is independent of line voltage. This 
parallel circuit is connected in series with 
the element through which the current is 
to be regulated. The current will remain 
essentially constant for large variations in 
fine voltage; large variations in load im¬ 
pedance; or a variation in both quantities 
simultaneously as long as the variation in 
voltage across the parallel circuit does not 
exceed certain limits. This type of circuit 
is useful for applications where a constant 
heating independent of line voltage is de¬ 
sired; for series lighting circuits; and 
vacuum-tube filament circuits. 


A N IRON-CORE reactor and a ca¬ 
pacitor, connected in parallel, are 
the essential elements of a static, a-c, 
constant-current circuit, providing these 
elements are operated within certain speci¬ 
fied conditions. First, there must be a 
predetermined relation between the re¬ 
actor and capacitor; second, the variation 
in voltage across this parallel circuit must 
be restricted to specified limits; and, 
third, the frequency must remain con¬ 
stant. . 

Theory of Constant-Current Circuit 

Temporarily, assume that the reactor 
and capacitor in figure 1 are ideal units 
with their currents 180 degrees apart, 
and that both currents are sinusoidal. 


The volt-ampere curve of the capacity 
I ct and of the reactor I x> are plotted in 
figure 2 without regard to the phase re¬ 
lation between the two currents. The 
line current then I Q is the numerical dif¬ 
ference between I e and 7 X . Thus, at 
any value of voltage E t the line current 
is the horizontal distance between the 
two volt-ampere curves. It is evident, 
therefore, that the volt-ampere curve for 
the reactor must be parallel to that of the 
capacitor if the resultant current remains 
constant between the limits of voltage of 
Ex and E\. If this condition exists for 
the circuit in figure 1, the current through 
the impedance Z will remain constant 
while either the line voltage or the series 
impedance varies; or while both vary 
simultaneously. 

A reactor with a volt-ampere curve 
similar to that shown in figure 2 can be 
obtained by a bridge-gap iron core, one 
type of which is shown in figure 3. It 
consists of an air gap in parallel with a 
section of steel which can be saturated 
while a relatively low density exists in 
the remainder of the core. The length 
of the air gap controls the slope of the 
straight portion of the volt-ampere curve, 
while the saturated section governs the 
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peak current, particularly during the 
reversing period when the counter elec¬ 
tromotive force of the motor armature re¬ 
duces the effective resistance of the tube 
circuit. It was found that on account 
of the dynamic breaking action of the 
^kes during the reversing period, the 
circuit in figure 8 was particularly suited 
for this regulating application because 
idling and overtravel of the motor was 
practically eliminated, therefore produc- 
ing very accurate and sensitive control. 

Complete Schematic Diagram 

Figure 9 shows the schematic diagram 
for the complete control circuit, and a 
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photograph of the regulator is shown 
in figure 10. From figure 9 may be seen 
that only one single adjustment, poten¬ 
tiometer P , is used. The purpose of this 
potentiometer is to increase the sensi¬ 
tivity when the difference between the 
paper color and the line color is slight with 
reference to the color characteristic of the 
phototube. An example of colors of this 
characteristic is a red line on white paper. 
If the line color is black, blue, green or 
brown, the equipment will operate satis- 
factorily with any potentiometer adjust¬ 
ment, and because variations in tube char¬ 
acteristics do not affect the operation, the 
regulator will operate without any further 
adjustments after once being installed. 
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flux density, or voltage, at which the 
straight portion begins. This fact is 
illustrated in figure 4 by a series of volt- 
ampere curves derived from various physi¬ 
cal dimensions* of the saturated steel 
and the air gap. Great flexibility is ob¬ 
tained from this type of core because 
magnetic shims may be inserted in the 
air gap to adjust the volt-ampere curve 
to its desired position. Naturally, a 
rather high leakage flux surrounds the 
air gap and it is desirable, therefore, to 
place the air gap in such a location that 
the nonlinear characteristics of the reac- 



Figure 1. Parallel constant-current circuit 



Figure 2. Current-regulating properties of 
nonlinear circuit 


tor will not be altered by the proximity 
of other magnetic materials. 

The core of the reactor should be made 
of low-loss steel to maintain as nearly as 
possible a 90-degree phase angle between 
the voltage E\ and reactor current I x . 
In practical designs, however, neither the 
reactor current nor the capacitor current 
are displaced exactly 90 degrees from the 
voltage. The fine current is not, there¬ 
fore, the algebraic difference between the 
two currents, but the vector sum of them. 
Thus, there are some fundamental rela¬ 
tions in the parallel circuit which cannot 
be shown without a vector diagram indi¬ 
cating conditions for successive incre¬ 
ments of voltage, as in figure 5. The 
locus of the resultant current is not ex¬ 
actly the arc of a circle, but it lies between 
the arcs of two circles which are quite 
dose together. Suppose the vector ter¬ 
minating at G represents the resultant 
current in the fine when the voltage Ei is 
applied. Although the voltage may be 
increased as much as 100 per cent to E/y 
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the vector of the resultant current will 
fall somewhere between the two circular 
arcs CD and EF, Beginning at the point 
G } the current increase in magnitude to 
the point H; then decreases in numerical 
value to the point J; and thereafter in¬ 
creases while the voltage over this range 
is continually increasing from Ei to £/. 
The power factor is leading at all times 
but approaches unity as the voltage Ei 
increases. 

The Constant-Current Transformer 

The simple nonlinear circuit described 
above is the heart of a constant-current 
transformer with no moving parts. To 
make a more complete circuit, a trans¬ 
former which delivers load at unity power 
factor is inserted in series with the ca¬ 
pacitor-reactor unit as shown diagram- 
matically by figure 6 . The reactor has 
been converted into an autotransformer 
without affecting its reactance character¬ 
istics and the higher secondary voltage 
permits a more economical capacitor to 
be used on common 110 -volt circuits. 
The vector diagram for the complete 
circuit is shown in figure 7 for only one 
value of line voltage. The resultant 
power factor is leading, but obviously it 
is more nearly unity than the power fac- 


E 



E 


Figure 3. Bridge-gap core 



ampere turns 


Figure 4. Calculated saturation curves for 
core shown in figure 3 (A '= 1.375 inch) 


Curve 

g (Inch) 

s (Inch) 

CD 

0,062 

0.125 

(2) 

0.125 

0.125 

O) 

0.187 

0.125 

(4) 

0.187 

0.062 

(5) 

0.25 

0.062 
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tor of the parallel branch of the circuit 
alone; that is, 5 is less than a. The 
vector diagram in figure 8 shows the re¬ 
lation between the three voltages Eq, Ei, 
£2 with a resistance load across the trans¬ 
former for two values of line voltage. 

The circuit shown in figure 6 will main¬ 
tain a constant I s in the load circuit for 
a variable line voltage, a variable load 
impedance or a variation of both provid¬ 
ing the reactor and capacitor operate 
over a range of voltage through which the 
volt-ampere curves are parallel. With a 
constant resistance load it can be shown 
that the most economical design from 
the viewpoint of minimum capacity in 
microfarads occurs when the variation 
in voltage Ei is \/2 times the variation in 
line voltage. Also when the line voltage 
is constant and the resistance load vari¬ 
able the value of E\ in figure 2 should be 


Ic 



Figure 5. Successive vector diagram 


\/2 times the value of £ 1 . (See also 
figure 9.) The load may operate at 
either lagging, or leading power factor, 
providing the limits of voltage £1 are not 
exceeded. 

Characteristics 

The complete characteristics of a con¬ 
stant-current transformer supplying a 
resistance load are shown in figure 10 . 
This unit was designed to operate on a line 
voltage varying between 105 and 125 
volts and to deliver a constant current 
of one ampere at 25 volts. Between the 
specified limits of voltage, the output 
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current actually varies from 1.04 am¬ 
peres to 1.048 amperes. 

The efficiency of the constant-current 
system varies between 50 per cent and 
90 per cent. It is highest at the lowest 



Figure 6. Constant-current-transformer circuit 



Figure 7. Vector diagram of constant-current 
transformer 


value of line voltage and decreases in 
value as the line voltage increases. The 
power factor of the complete system is 
leading throughout the operating range 
for resistance load, and, like the efficiency, 
it is more nearly unity at the lower value 
of line voltage and decreases as the line 
voltage increases. 

Since reactance in the parallel circuit 
depends on frequency, it may be expected 
that the stable adjustment will be al¬ 
tered by changes in frequency and this 
is indeed the case. The volt-ampere 
curve of the reactor in figure 2 will swing 
toward the voltage axis as the frequency 
is increased, while that of the capacitor 
will swing toward the current axis as the 
frequency is increased.* If a current-regu¬ 
lating circuit is designed to maintain a 
constant current at 60 cycles, it will 
gradually increase the line and load cur¬ 
rents with increasing line voltage if the 
frequency is higher than 60 cycles. Con¬ 
versely-, if the frequency is less than 60 
cycles the line and load currents will 
gradually decrease withincreasing line volt¬ 
ages. Modem systems are so regulated 
that the variation in frequency may not ex¬ 
ceed Va or V 4 of a cycle, and this is not 
great enough to injure the current regu¬ 
lating characteristics of a properly de¬ 
signed circuit. The characteristics of 
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one current stabilizing unit on 59, 60, and 
61 cycles are illustrated in figure 11. 

Generally speaking, this particular type 
of no n l in ear circuit has many interesting 
characteristics depending on the relation 
between the capacitor and reactor volt- 
ampere curves. Suppose, for example, 
the two curves in figure 2 intersect. The 
line current will contain a maximum value 
corresponding to the m aximu m hori¬ 
zontal distance between the two curves, 
and it will approach zero at the intersec¬ 
tion. An unlimited number of charac¬ 
teristic curves of line voltage plotted 
against line current can be obtained, some 
of which are useful for current- and 
power-limiting circuits. A phenomenon 
of instability is encountered when certain 
relations exist between the series and par¬ 
allel components of the circuit, but a dis¬ 
cussion of this phenomenon is beyond the 
scope of this paper. 

A nonlinear circuit designed to deliver 
a constant current when applied to a 
sinusoidal line voltage will not necessarily 
maintain a constant current when applied 
to voltage with other wave forms, be¬ 
cause a distorted wave will produce ap¬ 
proximately the same results as an in¬ 
crease in frequency. By properly adjust¬ 
ing the reactor, however, a constant-cur- 


stabilizing system does not produce a 
badly distorted wave as indicated by the 
oscillogram of load arid current in figure 
12. The reactor and capacitor currents 
each contain a large third harmonic but 
their phase relation is such that they cir¬ 
culate around the parallel circuit and 
thereby are greatly restricted from 
flowing in the line. Transients existing 
in the line voltage will disturb the regu¬ 
lation in the load circuit, to a certain 
extent as indicated in figure 13. The 
oscillogram shows the line voltage and 
output voltage on the current stabilizer 
when the line voltage is rapidly changed 
from its minimum to maximum value, 
which in this case was from 85 to 125 
volts. 

The static constant-current circuit has 
been applied to numerous filament-con¬ 
trol circuits for maintaining a constant 
filament current on variable-voltage cir¬ 
cuits. When the load is constant, of 
course, the same circuit will maintain a 
constant load voltage. The permissible 
variation in line voltage depends upon the 
design of the reactor and in some in¬ 
stances a constant current (plus or minus 
two per cent) has been maintained over 
a 500 per cent variation in line voltage. 


rent transformer may be made to oper¬ 
ate on distorted voltage with reasonable 
satisfaction. Inherently, the current 



Figure 8. Vector diagram of ideal constant¬ 



ly 


Figure 9. Vector diagram of constant-current 
transformer with constant line voltage and a 
variable resistance load 



current tr.n,former for two v.lue. of line volt- Fl g ure 10. Ch.recteri.tic curve, of . 25-w.tt 
aSe constant-current transformer 
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This requires a rather extreme and bulky 
design. For lines having a total voltage 
variation of 50 per cent the static con¬ 
stant transformer is from twice to three 
times the physical size of an ordinary 
transformer with the same rating. 

Appendix 

Derivation of Formulas for 
Variable Line Voltage 

A mathematical derivation of design for¬ 
mulas for a nonlinear circuit to operate on a 
variable line voltage and* to maintain a 
constant current in a fixed, resistance load 
is given below. Sinusoidal currents and 
voltages are assumed and the losses in the 
reactor and capacitor are neglected. In all 



Figure 11. Frequency-regulation for a 150- 
watt, one-volt constant-current transformer 


cases symbols without primes are minimum 
values and those with primes are maximum 
values. 

The circuit diagram in figure 6 and the 
vector diagram in figure 8 apply. From 
figure 8 the fundamental equations are: 

Sj 8 + Ei 2 = (1) 

and 

(Si 1 ) 2 + A 2 » (£ 0 i)2 ( 2 ) 

Subtracting (1) from (2), we have 

(Si 1 ) 2 - S,* = (A 1 ) 2 - So 2 (3) 

Let k represent the ratio between the 
maximum and minimum values of voltage 
across the reactor-capacitor unit. That is, 

Si 1 - kE 1 (4) 

Also let d represent the ratio between the 
maximum and minimum values of line 
voltage. Thus, 

So 1 = dE* (5) 

Substituting (4) and (5) in (3) for Ei l and 
Eo 1 , respectively, and solving for E\ we 
get, 



From equation (1), 

Ei - V.Eo 2 - (7) 
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Substituting (6) in (7), we obtain 
- d* 


Et = E, 


Ik* - 1 


(S) 


The capacitor must have the highest 
volt-ampere rating of any element in the 
circuit. The current passing through it is 
the sum of the exciting current and load cur¬ 
rent. It is desirable, therefore, to keep the 
size of capacitor at a minimum, by prop¬ 
erly adjusting k with respect to d. 

The volt-ampere rating (M) of the ca- 



w 7 \ 


Figure 12. Wave form of load current of a 
constant-current transformer 
a—Load current b —Line voltage 

pacitor is independent of the voltage to 
which it is referred. That is, from figure 0, 


M = EJ C 


(9) 


Where the current is referred to the low volt¬ 
age side of the autotransformer. 

Allowing 1 c /Iq (see figure 2) to be rep¬ 
resented by the symbol P equation (9) be¬ 
comes 


M = E x Ph 


( 10 ) 


The value P has a physical significance 
in that it represents the degree of current 
utilization. The capacitor is capable of 
supplying the current I c in the line, but of 
this quantity 1 £ is taken to excite the non¬ 
linear reactor which leaves Jo available 
for output. The value of P is a constant 
for any core and depends on the sharpness 
of the knee; and the slope of linear portion 
of the saturation curve. It applies only 
at the minimum value considered. 

The line current required (see figure 6) is 


h = — 


W 

E*e 


(ID 


where 

W => load watts 

e *=* efficiency of output transformer 
Then substitute (11) in (10) 


M 


E\PW 

E 2 e 


( 12 ) 


and again substituting (6) and (8) in (12) we 
have 


M ■ 


PWs/d* - 1 
e VT* ~ d 4 


( 13 ) 


Since J„ - 2 mfCEi X 10 - * the capacity 
required in microfarads is 


M 

' 2ir/Ei* 


X 10* 


( 14 ) 



k*QVd* - 1 

V** - i l 


or 


(IT 


-1) 
k* - d 4 


* - s/Td 


Substituting this value of £ in equations 
(6), (8), and (16), respectively, ’ we obtain 
the design equations for the most economi¬ 
cal conditions. 


Ei ** Pq 


Ei — Eq 


V d* - 1 

2d* - 1 

J2d* - 1 


( 19 ) 


( 20 ) 


Figure 13. Effect of transients in constant- 
current transformer when the line voltage is 
rapidly changed (125 to 85 to 125 volts) 

Above—Line voltage Below—Load voltage 

Substituting (13) for the value of M in 
(14), 

PWx/d* - 1 

C - - , X 10° microfarads 

2icfEi*eVk* - d* ( 15 ) 

Equation (16) indicates the size of the 
capacitor necessary if placed directly across 
the voltage E\. If the capacitor is placed 
across the secondary of the autotransformer 
as in figure 6, it is necessary to replace Ep by 
E c 2 . The maximum voltage that can be 
impressed safely on the capacitor is a lim¬ 
iting feature of the design and it must be 
incorporated in the design formulas. If we 
let E^ be this maximum voltage allowable, 
then Ei* in equation (16) should be replaced 
by E c l /k. Equation (16), with this trans¬ 
formation, becomes 

pwvV FZ L X10 , 

microfarads (16) 

Equations (6), (8), and (16) are general 
equations representing the voltage across 
the reactor-capacitor unit, the voltage 
across the primary of the transformer, and 
the capacity required in parallel with the 
reactor or autotransformer. These general 
equations are derived in terms of known 
constants, the variation in voltage existing 
on the line, and the variation in voltage 
across the parallel branch of the circuit. 
There are a number of values for the con¬ 
stant k and an equal number of sizes of 
capacitor which will meet all of the require¬ 
ments for maintaining a constant current. 
When equation (16) is differentiated with 
respect to k, the value of k corresponding to 
the minimum value of capacitor can be ob¬ 
tained. Before the equation is differen¬ 
tiated, however, it can be reduced to a more 
simple form. For any specific design, all 
quantities in (16) are constant except k; 
and all fixed terms except d can be included 
in a constant term Q. Thus, 


WPdVd 1 - 1 

C = — , - X 10« microfarads 


Derivation of Formulas for 
Constant Line Voltage 


( 21 ) 


( 17 ) 


The derivation of design formulas for 
a current-regulating circuit operating on a 
constant line voltage to supply a variable 
resistance load with a constant current is 
given below. The same assumption and 
nomenclature previously established apply 
to this circuit. The circuit diagram in 
figure 6 applies, but the vector diagram is 
shown in figure 9. The important differ¬ 
ence between this circuit and the one 
previously analyzed is that the maximum 
value of reactor voltage, Ei 1 , exists simul¬ 
taneously with the minimum value of out¬ 
put transformer voltage, E* t and vice versa. 
The symbol m is defined as 

m m Ez l /Ez 

A procedure similar to that outlined above 
produces equations for minimum capaci¬ 
tance as follows: 


k = V 2 
“ - 1 


Bi 




( 22 ) 

( 23 ) 

( 24 ) 


and 

C - X 10* microfarads 


rfiEcVs/Zm* - 1 


( 25 ) 


When y is a minimum, C must also be a 
minimum; therefore, y can be differentiated 
with respect to k . 

We find thereby that C is minimum when 


The aoove equations are sufficient to com¬ 
pletely design a constant-current circuit 
with the exception of one factor; namely, 
the number of turns on the primary of the 
nonlinear reactor. The saturation curve 
for the core with flux density plotted 
against ampere-turns, of course, must be 
available; and a parallel line representing 
the capacitor volt-amperes must be drawn 
to the straight portion of the saturation 
curve. The horizontal distance between 
the two lines will represent ampere-turns 
and will correspond to the value in figure 
2. The required line current Jo can be de¬ 
termined easily for the design from the 
load requirement. If NI represents the 
horizontal distance between the saturation 
curve and the capacitor line in ampere- 
turns, and T represents the number of turns 
on the primary of the nonlinear reactor or 
autotransformer, the following equation 
applies: 


( 18 ) 


(from curve) 
Jo 


( 26 ) 
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Analysis and Design 
of Harmonic Generators 

By FREDERICK EMMONS TERMAN 

MEMBER AIEE 


H ARMONIC generators such as used 
in radio transmitters are usually- 
designed and adjusted on the basis of 
experience because the only analysis of 
their performance that has been avail¬ 
able is a laborious point-by-point method 
of attack which is much too cumbersome 
to be practical in the general run of prob¬ 
lems. In the present paper a new method 
of analyzing the harmonic generator is 
presented that involves a minirmim 0 f 
labor and at the same time has an ac¬ 
curacy entirely adequate for design pur¬ 
poses. 

Voltage and Current 
Relations in Harmonic Generators 

The circuit of a typical harmonic gen¬ 
erator is shown in figure la, and is si milar 
to a class- C amplifier circuit except for 
the fact that the plate tank circuit is 
tuned to a harmonic of the exciting volt¬ 
age. When properly adjusted the in¬ 
stantaneous voltages, currents, and powers 
follow oscillograms such as indicated in. 
figure 1 . (The assumption of a sinu¬ 
soidal alternating plate voltage in figure 1 
is equivalent to saying that the Q of the 
plate tank circuit is high enough to make 
the voltage drop across it negligible for 
all alternating components except the 
desired harmonic.) The grid bias is 
made considerably greater than cutoff and 
sufficient signal voltage is applied to drive 
the grid somewhat positive. The re¬ 
sult is that the space current flows in 
pulses having a relatively large peak am¬ 
plitude but lasting for only a small frac¬ 
tion of the cycle. Such pulses have a 
large harmonic content, and the tank- 
circuit impedance is adjusted so that 
the desired component builds up a crest 
voltage across this circuit that is only 
slightly less than the plate-supply poten¬ 
tial. This makes the minimum plate 

Paper number 38-73, recommended by tbe AIEE 
on communication and presented at the 
aijse summer convention, Washington, D. C„ 
X ? 38 - Manu script submitted March 
1938 ' made available for preprinting May 24, 

Frbmhuck Emmons Tbkman is executive head of 
thu department of electrical engineering at Stan¬ 
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potential reached during the cycle quite 
small, as shown. The instantaneous 
power supplied to the plate circuit of the 
harmonic generator is equal to the plate- 
supply potential multiplied by the in¬ 
stantaneous plate current, as shown in 
figure 1 g. This power is divided be¬ 
tween loss at the plate of the tube and 
useful output delivered to the tank cir¬ 
cuit in proportion to the instantaneous 
voltage drops existing across these parts 
of the circuit. Similarly the power loss 
at the grid at any instant equals the 
instantaneous grid current times the in¬ 
stantaneous grid-cathode potential, and 
the power that the grid exciting voltage 
must supply is likewise equal at any in¬ 
stant to the product of grid current and 
exciting voltage at that moment. 

Simplified Analysis of 
Harmonic Generators 

The oscillograms of figure 1 provide a 
means for making an exact analysis of the 
performance of the harmonic generator. 
These oscillograms can be drawn from the 
characteristic curves of the tube for any 
assumed voltages acting on the grid and 
plate electrodes. The practical useful¬ 
ness of the result is, however, limited by 
the large amount of work required to plot 
the various curves point by point and to 
planimeter them to get averages. 

An approximate analysis can be made 
by noting that the pulses of total space 
current in figure 1 appear upon inspection 
to approximate a section of a sine-wave 
pulse raised to some power of the order of 
3/2. In screen-grid and pentode tubes, 
and in high-mu triodes, the space-current 
pulses are in fact almost exactly sections 
of such a sine pulse because of the fact 
that in these cases the plate voltage has 
little or no effect upon the total space cur¬ 
rent, which is then determined by a sine 
wave driving voltage of fundamental 
frequency. The analysis of harmonic 
generators under such conditions has 
already been outlined in earlier papers , 1 * 4 
and makes use of curves giving the ratio 
U/I m of average current to peak space 
current, and the ratio /«//« of harmonic 
component of the space current pulse to 
peak value of pulse, in terms of the n um ¬ 

Terman—Harmonic Generators 


ber of electrical degrees 0 during which the 
space current flows. Such curves are 
given in figure 2 . 

In the case of harmonic generators em¬ 
ploying ordinary triode tubes the space- 
current pulse does not have a shape that 
is exactly a section of a sine wave raised 
to some power. This is because the ef¬ 
fective voltage producing the current 
pulse is a combination of fundamental- 
frequency and harmonic voltages, which 
obviously cannot follow exactly a section 
of a simple sine wave. The extent of the 
discrepancy depends upon the angle of 
current flow, the tube characteristics, 
etc. A practical procedure for analyzing 
the ordinary triode harmonic generator 
can, however, be worked out by assuming 
as a first approximation that the space- 
current pulse follows a section of a simple 
sine wave raised to a power, and then ap- 



(b) PLATE VOLTAGE 



(f) GRID CURRENT 


A 


(g) POWER RELATIONS IN /^"TOTAL INPUT POWER 
THE PLATE CIRCUIT / A'USEFUL OUTPUT POWER 
__ jUaai-POWE R LOSS AT PLATE 


(h) POWER RELATIONS IN 
THE GRID CIRCUIT 


-POWER LOST IN BIAS 
POWER LOST AT GRID 


Figure 1. Circuit of typical harmonic genera- 
tor 7 together with voltage, current, and power 
oscillograms 


plying a correction to this result in order 
to take into account the discrepancy be¬ 
tween the assumed and actual pulse shape. 

Curves giving the correction factor that 
must be applied to results obtained on the 
sine-wave section assumption are given 
in figure 3 for linear and square-law tube 
characteristics. The derivation of these 
curves follows. 
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6i 


en 


Notation 

= net voltage available to produce 
electrostatic field in the vicinity 
of the cathode for the case of 
simple sine-wave pulse 
■ net voltage available to produce 
electrostatic field in the vicinity 
of the cathode for harmonic gen¬ 
erator case 

Ejaax. = E s — E e *s maximum instantane¬ 
ous grid potential reached during 
cycle (see figure 1) 

Emin — Eb — El — minimum instantane¬ 
ous plate potential reached during 
cycle (see figure 1) 

6 ** number of electrical degrees during 

which current flows (see figure 1) 
(based on fundamental frequency) 
E s ~ crest signal voltage (see figure 1) 
El - Eb ~~ Emin = crest alternating 
voltage developed between plate 
and cathode (see figure 1) 

E c = grid bias 

Eb — d-c plate-supply potential 

\x » amplification factor of tube 

n = harmonic involved 


Em 


Em ax + 


-Emin 


crest amplitude 


of e\ or en 
(E L M/E m 


A = 1 — cos 6/2 
B — 1 — cos nQ/2 

B — A _ cos 6/2 — cos nd/2 
A 1 — cos B/2 

The net effective voltage available to 
produce a space-current pulse when the 
signal voltage and the output voltage 
are of the same frequency (class- C am¬ 
plifier action), is 


•-(*- ?) 


cos cot — E e -)-(1) 

n 


Em 


(cos cot — cos 6/2 ) 
1 — cos e/2 


(la) 


Figure 2. Curves 
giving the d-c and 
harmonic compo¬ 
nents of space-current 
pulses that are pro¬ 
duced by an effec¬ 
tive driving voltage 
that is a section of a 
simple sine wave 



4). The error involved in using the 
curves of figure 2 to give the space-current 
pulses is then caused by the discrepancy 
between the dotted and solid curves in 
figure 4, where the dotted curve corre¬ 
sponds to a wave of fundamental fre¬ 
quency coinciding with the actual har¬ 
monic curve at points a , &, and c. 

The magnitude of this error can be 
evaluated by taking the difference of the 
dotted and solid curves in figure 4. The 
equation of the solid (harmonic) curve in 
figure 4 is 


, 

e — — cos ncot 


O) 


(?-) 


COS cot — p 


(4) 


This voltage produces a space current 
that for positive e x is very nearly pro¬ 
portional to e/*, where a lies between one 
and two and is normally very dose to 
3/2. The space current is assumed to 
be zero when e x is negative. 

The net effective voltage producing 
electrostatic fidd at the surface of the 
cathode when the alternating plate volt¬ 
age E l is a harmonic of the exdting volt¬ 
age is 

E»l E b 

en « E t cos cot — — cos not — E e 4-(2) 

fx M 

A comparison of equations ( 1 ) and ( 2 ) 
shows that % fails to be a section of a 
simple sine wave exactly to the extent 
that the term (E l /ix) cos not fails to 
follow a sine-wave section of fundamental 
. frequency in the interval c et = —B/2 to 
0 )t * 6/2, (i. e., the interval abc in figure 


— cos nB/2 

jU 


(?-) 


The difference e f — e H then gives the 
error in the net effective voltage available 
to produce space current that results 
by assuming that the effective voltage 
producing the space current pulses is a 
section of a simple sine wave. This 
difference is 




B 




while the equation of the dotted (funda¬ 
mental) curve referred to the same axis is 


where p represents the axis of the dotted 
curve as shown in the figure, and the two 
curves are assumed to coindde at b, The 
value of p is determined by the fact that 
the dotted curves must also pass through 
points a and c. That is 


cos 6/2 — p (5) 


Eliminating p in (4) by means of (5) 
gives 

„ E l \ /l - cos«0/2\ 

e” « 1 ——-— ] cos at - 

> ( \1 - cos 6/2 ) 

cos 6/2 — cos n$/2 ) 

1 -cosi/2 f (<5) 

- kE n -jocose.* - C} (7) 

where k, E m , A , B, and C are as defined 
in the table of notation. 


■ kE m ^ cos not — — cos ot + Cy ( 8 ) 

Here D is the amount by which the ac¬ 
tual shape of the pulse for the case of 
nth harmonic generation is less (note 
negative sign of E L in equation 2) than 
the effective voltage that would be acting 
if the pulse was determined by a simple 
sine-wave section of same 6 and same 
maximum value. As a consequence, the 
difference term D given by equation ( 8 ) 
must be subtracted from the pulse ob¬ 
tained on the assumption of a sine-wave 
section in order to obtain the true am¬ 
plitude. 

In the case of a tube having a linear 
characteristic, the space current is pro¬ 
portional to the equivalent voltage pro¬ 
ducing electrostatic field in the vicinity 
of the cathode. Hence the error in the 
average or d-c component of the total 
space current made by assuming a sec¬ 
tion of a simple sine wave is equal to the 
average of D in equation ( 8 ) over the in¬ 
terval 6. Assuming for convenience that 
E m — 1 , then the average Do of D is 

1 ni* 

D q — I D d(ot) 

2 V - 0/2 

k (sin nB/2 B . 6 , 6 ) 

J“I + C 2(- 

The average of equation (1) as a function 
of the angle of flow 6 has been previously 
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derived, and is given in figure 2. The 
ratio of Do to the average of equation 
(1) then gives the fractional error that 
must be subtracted from the average 
or d-c space current obtained from figure 
2 in order to correct for the fact that the 
space-current pulse is not exactly a sec¬ 
tion of a simple sine wave. Values of this 
fractional error are given by the dotted 
curves in figure 3 for the case where the 
constant k is unity. The fractional errors 
for other values of k will be directly pro¬ 
portional to k. 

The error D n in the nth-harmonic 
component of the space current for the 
linear case, assuming unity, is given 
by 



1 fe/2 

— / D cos not d(ot) 

* J-6/2 

2k ( 1 , 


B_ 

A 


sin (n — 1)9/2 
. 2(» - 1) 


+ 


sin (n + 1) g/2 \ 
2(n + 1) ) 


+ 



Figure 3. Curves 
giving the fractional 
corrections that must 
be subtracted from 
results obtained from 
figure 2 to obtain 
correct results for 
harmonic-generator 
action. These curves 
assume Ic — • 1. The 
correction for other 
values of k is pro¬ 
portional to k 



The fractional error that must be sub¬ 
tracted from the value of nth harmonic 
obtained from figure 2 on the assumption 
of a sine-wave pulse is then the result ob¬ 
tained from equation (10) divided by the 
nth-harmonic component of the space- 
current pulse on the assumption of a 
simple sine-wave section as obtained from 
figure 2. Values of this ratio are given 
by the dotted lines of figure 3. 

Consider next the case where the total 
space current is proportional to the square 
of the effective voltage producing elec¬ 
trostatic field near the cathode. The true 
value of space-current pulse is then pro¬ 
portional to (ex - D) 2 = ei 2 - 2exD + 
D 2 . The error involved in assuming 
that the pulse has a shape based upon a 
section of a sine wave is obviously 2e x D + 
D\ However if the error D is not large 
compared with ex, as is the case under 
practical conditions, then D 2 can be 
neglected and the error becomes very 
nearly 2 e x D. The error A'in the aver¬ 
age or d-c component of the total space 
current is hence (assuming is unity) 



cos ot — cos 6/2 
x J- 6/2 1 ~ c °s 6/2 


Dd(ot) 


2k_ j sin (n — 1) 6/2 
2 (n — 1) 



sin (n + 1)6/2 B 
2(» + l) £j(« + sin*) + 
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The ratio of this to the d-c value ob¬ 
tained from figure 2 for a square-law char¬ 
acteristic is then the fractional error in¬ 
volved in assuming that the pulses in the 
harmonic generator are based on the 
square of a section of a simple sine wave. 
Values for this fractional error are given 
by the solid lines in figure 3. In a similar 
manner the error D n ' in the «th har¬ 
monic component of the total space cur¬ 
rent that is involved in assuming that 


b 



Fisure 4. Approximation of a section of a 
sine-wave section of harmonic frequency by a 
section of a sine wave of fundamental fre¬ 


quency 
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simple sine wave is 


l r °' 2 a 

r J-0/2 

kid 
A\ Sm 2 


1 re /2 

~ I 2e'D COS not d(ot) 

T J-0/2 

® JL f °^ 2 COS ot - COS 0/2 

v J-0/2 1 ~ COS 0/2 DX 

cos not d(ot) 

- — ism- + sin {2n ~ ^ 0/1 , 

*■4 I 2 2 (2« - 1) 

sin (2» + 1) e/2 _ B f sin nfl/2 
2 (2» + 1) A [_ « 

sin (» — 2) e/2 sin (n +2)9/2 1 

2 (« - 2) 2(»+2) J + 

„r sin(«-1)0/2 sin(» + l)g/2 ll 

L (»-D + (» + l) Jf 

2 cos 0/2 

< l2 > 

The ratio of the error given by equation 
(12) to the wth-harmonic component of 
the space current for the square-law char- 
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acteristic as given in figure 2 is then the 
fractional error. This is plotted in figure 
3 for various harmonics as a function of 
angle of current flow. 

Calculation of Harmonic- 
Generator Performance 

It is now possible to calculate the per¬ 
formance of the harmonic generator for 
any given set of operating conditions. 
In doing this the operating condition is 
defined in terms of the angle of current 
flow d, maximum grid potential E max , 
minimum plate potential E m i n , grid bias, 
and plate-supply voltage. The first 
step is to determine the peak total space 
current I m and peak grid current I gm cor¬ 
responding to the given values of E max and 
£min> by using characteristic curves as 
supplied by the tube manufacturer. 
The d-c and harmonic components Jo and 
I n of the total space current for this value 
of I m are then obtained from figure 2, 
assuming that the current pulse is a sec¬ 
tion of a sine wave raised to a power of the 
order of 3/2. The next step is to deter¬ 
mine from figure 3 the fractional cor¬ 
rections for the d-c and harmonic com¬ 
ponents, interpolating between the dotted 
and solid curves according to the expo¬ 


as approximating a section of a sine wave 
of fundamental frequency that has been 
squared. 3 The angle of current flow 
d 0 for this pulse can be calculated from 
the equation 

cos 6 g /2 - — (13) 

The d-c, fundamental-frequency, and 
harmonic-frequency components of the 
grid current can now be evaluated in 
terms of 6 0 and the peak grid current, with 
the aid of figure 2. The d-c plate cur¬ 
rent is then the d-c component of the total 
space current minus the d-c grid current, 
and the harmonic component of the plate 
current is the harmonic component of the 
total space current minus the harmonic 
component of the grid-current pulse. (If 
secondary emission is large the shape of 
the grid current pulse is modified. Un¬ 
der such conditions the effect of grid 
current can be evaluated roughly by es¬ 
timating the ratio of d-c grid current to 
d-c component of total space current on 
the basis of previous experience, and then 
assuming that the fundamental and har¬ 
monic components of the grid current 
are twice the d-c value.) 

It now remains to determine the power 
relations. The power supplied to the 




nent used in connection with figure 2. 
These fractional corrections are then 
multiplied by the value of k for the case 
at hand, and the necessary corrections 
determined, and subtracted from the re¬ 
sults of figure 2 to give the components of 
the actual pulse of total space current. 

The division of these components be¬ 
tween grid and plate electrodes can be de¬ 
termined by the fact that when secondary 
electron emission at the grid is not ex¬ 
cessive (as is normally the case), the 
pulse of grid current can be considered 
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plate circuit is the d-c component of "the 
plate current multiplied by the plate- 
supply voltage, while the power output 
delivered to the tank circuit is half the 
harmonic component of the plate cur¬ 
rent multiplied by the crest alternating 
plate-cathode voltage E L . The ratio 

* The allowable peak space current is determined by 
the cathode emission, assuming a reasonable factor 
of safety*. Manufacturers have not, however, 
established peak current ratings for their tubes. 
Until this is! done the designer may assume that the 
peak current rating approximates four to five 
times the sum of d-c plate and grid currents ob¬ 
tained with recommended class-C telegraph opera¬ 
tion. 
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of these two powers gives the plate ef¬ 
ficiency, and their difference gives the 
dissipation at the plate. The ratio of 
the alternating plate-cathode voltage 
E l to the harmonic component of the 
plate current equals the load impedance 
that the tank circuit must supply. 

The grid bias can be calculated by the 
following formula derived from conven¬ 
tional theory: 

Grid bias = E c 

— (1 ~ C0S + -Emin cos nd/2 

m (1 - cos 9/2 ) 

£max COS 9/2 

r-cos7/i' (14) 

The peak exciting voltage is E c + JSmax, 
and the grid driving power is this peak 
exciting voltage multiplied by half the 
fundamental-frequency component of grid 
current. 

An example illustrating the details of 
the calculation procedure is given in the 
appendix. 

Discussion of Factors Involved in 
Design of Harmonic Generators 

The most important operating char¬ 
acteristics of a harmonic generator are 
the harmonic power delivered to the tank 
circuit, the power dissipation at the plate 
of the tube, and the driving power. ‘The 
design factors available to control the 
performance are the angle of current 
flow, the minimum instantaneous poten¬ 
tial E m in reached by the plate, and the 
maximum instantaneous potential E^x 
reached by the grid. The influence of 
these design factors on the performance 
of a harmonic generator is illustrated in 
figure 5. A study of this figure, together 
with figures 2 and 3, brings out the salient 
features involved in harmonic generator 
behavior. First, for a given peak space 
current* and harmonic, the power output 
will be maximum when the angle 6 of 
current flow based on the fundamental 
frequency is approximately 260°/«. The 
maximum is not critical however, and 
angles of flow differing from this by as 
much as ±40 per cent give good output. 
Second, the plate efficiency of the har¬ 
monic generator is increased by reducing 
the angle of current flow to a value smaller 
than that giving maximum output be¬ 
cause this causes the d-c component of 
the total space current, and hence the 
input power, to decrease faster than the 
output falls off. It is also to be noted that 
the plate efficiency of a harmonic genera¬ 
tor will be considerably less than for the 
corresponding class-C amplifier unless 
the angle of flow is appreciably less than 
the value for maximum output. Third, 
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the values of Emin and E max not only- 
must be such as to draw the maY imtitn 
allowable space current, but should also 
normally have a ratio E max /E min some¬ 
what less than is customary in class -C 
amplifiers in order to keep the grid cur¬ 
rent, and hence the driving, power, low in 
spite of the large exciting voltage required. 
Fourth , the driving power increases as 
the angle of current flow is reduced, and 
becomes excessive at angles of flow as 
small as 60 to 70 degrees. Because of 
this the driving power is as much a limit¬ 
ing design factor in harmonic generators 
as is the plate loss and power output. 
Fifth , the load impedance that the tank 
circuit must supply is greater for har¬ 
monic generators than for the corre¬ 
sponding class-C amplifier, and becomes 
greater the higher the order of harmonic. 
This results from the fact that for proper 
operation the voltage across the tank cir¬ 
cuit is independent of the harmonic 
whereas the output power is less the 
higher the harmonic. With a given 
effective tank circuit Q this means that 
the L/C ratio should be higher for har¬ 
monic generators than class-C amplifiers. 
Sixth, the output power obtainable in 
second harmonic generation is about 
2 A of the output that the same tube will 
develop as a class-C amplifier, and for 
higher harmonics the output is roughly 
inversely proportional to the order of the 
harmonic. Seventh , the fact that output 
goes down and driving power goes up as 
the order of the harmonic is increased 
makes it unwise to attempt harmonic 
generation above the third or fourth 
harmonic under ordinary conditions, since 
with fifth harmonic operation the driving 
power can be expected to be of the same 
order of magnitude as the power output. 

Accuracy 

The accuracy of the analysis that has 
been developed for harmonic generators 
is entirely adequate for ordinary design 
purposes. The principal assumption in¬ 
volved is that the total space current of 
the tube is proportional to (E, + E p /ii) a , 
where m and a are constants. If the val¬ 
ues of fx and a ate taken for conditions 
corresponding to a fairly large total 
space current experience 2 shows that the 
errors introduced by considering' a and 
ix constant are quite small even though « 
and n vary appreciably as cutoff is ap- * 
proached. The method of handling grid 
current also involves some approxima¬ 
tion,but this is unimportant, particularly 
if there is no secondary emission. In any 
case the action of grid current is in itself 
only a second-order effect and therefore 
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need not be determined with precision. 
The neglect of the D 2 term in obtaining 
equations (11) and (12) also introduces 
some error, particularly when 0 exceeds 
2 Q0°/n y but since the values of k en¬ 
countered in practice are usually less than 
0.5, the error in the actual pulse of total 
space current from this approximation 
will reach five per cent only in the most 
unfavorable cases. 

Under ordinary conditions the analysis 
can be expected to give calculated plate 
loss, output power, arid plate current, 
correct within about five per cent unless 
the angle of flow is exceptionally large for 
the harmonic involved, or unless there is 


Table I. Agreement Between Calculated and 
Exact Harmonic-Generator Performance 

Conditions: Type 204-/4 tube, E B * 1,500, 
250, E m jn =» 375, l m « 1.26 amperes, 
peak grid current =* 225 miKiamperes, 0 
100 degrees, n - 3, E c = 751 volts 


Approxi¬ 
mate Exact 


D-c plate current (milliamperes).... 189_196 


D-c grid current (milliamperes).27.. ]. 20 

Power input (watts).284.... 294 

Power output (watts).106.... 102 

Driving power (watts). 26_ 19 

Plate loss (watts).. 179.... 192 

Plate efficiency (per cent). 37..!. 35 


excessive secondary electron emission at 
the control grid. Even then the ac¬ 
curacy to be expected is normally within 
ten per cent, which is of the same order of 
magnitude as the variations in the char¬ 
acteristics of individual tubes of the same 
type from the published characteristics. 

A comparison of the performance as 
calculated by the method that has been 
developed, with the exact performance is 
given in table I for a typical case. 

Appendix 

Example of Design and Calculation 
of a Harmonic Generator; Com¬ 
parison With Exact Performance 

In order to show how the above analysis 
is applied, assume that it is desired to 
obtain third harmonic generation from a 
type 204-4 tube operating at 1,500 volts, 
having u = 23, and a normal rated plate 
dissipation of about 200 watts. This 
tube is not the most satisfactory one for 
demonstrating the accuracy df the method 
of analysis that has been developed be¬ 
cause the published characteristics of 
the 204-4 tube show more secondary 
electron emission at the grid than do most 
air-cooled tubes. However, it is selected 
because it is one of the few tubes for which 
the published characteristics are suffi- 
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ciently complete to permit checking of the 
approximate analysis by exact point-by- 
point calculations. Most of the so-called 
“complete” characteristic curves of trans¬ 
mitting tubes found in tube manuals are 
not extended to high enough plate poten¬ 
tials to cover the full operating range com¬ 
monly used in harmonic generators. 

The first step in the design is the selec¬ 
tion of a suitable peak space current and 
corresponding values of Emin and Emax. 
Reference to the data supplied by tube 
manufacturers indicates that I m = 1,260 
milliamperes will be satisfactory, and that 
this could be obtained by E m in * 375, 
Emax *= 250. With this combination the 
peak grid current will be 225 milliam¬ 
peres, which is small enough to keep the 
driving power low, and yet at the same 
time Emin will be small compared with 
the plate-supply voltage. 

The next step is the selection of a value 
of 6. From the discussion given in the 
paper, combined with an examination of 
figure 2, it appears that 0 = 100 degrees 
would be reasonable. With this value of 
0, and assuming a 3/2-power law, figure 2 
then gives I 0 /I m - 0.161, and IJI m » 
0.177, The fractional corrections that 

figure 3 indicates would be applied to 
these for a 3/2 law and for ft — 1 are 
-0.33 for the d-c term and -0.060 for 
the third-harmonic component. How¬ 
ever, as ft is [(1,500 - 375)/23]/250 = 
0.20 the actual corrections are —0.065 and 
-0.012, respectively. The d-c and third- 
harmonic components of the total space 
current are then 1,260 X 0.161 (1+0.065) 
■ 216 milliamperes, and 1,260 X 0.177 
(1 + 0.012) =* 226 milliamperes, respec¬ 
tively. From equation (14) the grid 

bias is found to be 751 volts, which makes 
the peak signal voltage 1,001 volts. The 
angle 0 9 of grid-current flow is then given 
by equation (13) as 82.8 degrees. As¬ 
suming a square-law grid-current pulse, 
reference to figure 2 shows that for a 
peak grid current of 225 milliamperes, the 
d-c, fundamental-frequency, and third- 
harmonic components of the grid current 
are 27, 52, and 39 milliamperes, respec¬ 
tively. As the peak signal voltage is 

1,001 volts the grid driving power is 
1,001 X 0.052/2 = 26 watts. If grid- 
leak bias is used the leak resistance is 
751/0.027 = 28,000 ohms. Next, sub¬ 
tracting the d-c and third-harmonic com¬ 
ponents of the grid current from the 
total space current, gives 189 milliam¬ 
peres, and 187 milliamperes, respectively, 
as the d-c and third-harmonic compo¬ 
nents of the plate current. This calls for a 
tank-circuit impedance of 1,125/0.187 » 
6,000 ohms. The power input to the 
plate is 284 watts while the third-har¬ 
monic power delivered to the tank circuit 
is 0.187 X 1,125/2 = 105 watts. The 
plate efficiency is hence 37 per cent while 
the plate dissipation is 179 watts. Inas¬ 
much as this loss is slightly less than the 
rated value for normal operation, the 
assumed Emin, Emax, and 0 represents a 
suitable operating condition. 

The performance of this harmonic gen¬ 
erator for the same E Bt Emin, Emax, and 
E c has been calculated exactly by graphi¬ 
cal integration of curves such as shown 
in figure 1 drawn on the basis of tube 
characteristics given in the tube manual. 
The results are given in table I, and show 
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The Electric Strain Gauge 


By M. A. RUSHER A. V. MERSHON 
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differential transformer coils will have 
zero drop across them when the strain- 
gauge head and the balancing unit have 
about the same air gaps. The air gap of 
the balancing unit remains fixed while 
that of the strain-gauge head varies ac¬ 
cording to the strain in the piece of ap- 


M ANY new developments have 
grown out of the vibration re¬ 
corder 1 originally described before the 
AIEE in 1926. One of the first of these 
developments resulted in apparatus for 
recording transient pressures electrically. 4 
This has been used to measure transient 
pressures in switchgear apparatus, trans¬ 
formers, water wheels, steam turbines, 
gasoline engines, refrigerators, and in 
other places. Another is the electric 
gauge 8 ’ 18 which has many applications. 
It is used for the most accurate gauging 
of production parts in machine shops 
and inspection rooms, also it is widely 
used in steel mills for continuous gauging 
of strips as they are being rolled, for con¬ 
trolling their thickness, for measuring the 
tension in the strip 19 and the pressure ap¬ 
plied to the mill rolls. Another applica¬ 
tion is the measurement of the thickness 
of paint, enamel, or other nonmagnetic 
coatings over steel. 13 

The electric strain gauge is an instru¬ 
ment for measuring mechanical strains 
electrically. Electrical, mechanical, and 
civil engineers have used it very success¬ 
fully. It has proved its value in the study 
of stresses in railroad tracks and in bridge 


tained from these gauges. It is equally paratus under investigation. The volt- 
useful in measuring the strain in machine age drop across the differential trans¬ 
parts when they are subjected to stress, former varies with the changes in the air 
Originally these developments used an gap of the strain-gauge head and the de¬ 
oscillograph to produce records in which flections of the oscillograph galvanometer 
a 500-cyde wave was modulated, figure are proportional to these. 

6 (a). The envelope of the wave showed The strain-gauge head A, figure 1, is 
the variations in the quantity being re- shown mounted on a test bar and its 

corded. In order to obtain accuracy the balancing unit J5 is at the right. C is a 

deflections were necessarily large and the mounting fixture used to align the gauge 

number which could be recorded on a head while attaching it to the work, 

single film without overlapping each other Changes in length of the test bar vary 

was correspondingly small . the air gap between the two parts of the 

The record obtained from the electric magnetic circuit of the gauge head. In 
strain gauge is a single-line trace of the figure 2 is shown a four-circuit power unit 

varying strain in the part to which the for use with four strain-gauge heads and 

gauge is attached. Several of these their balancing units. The four oscillo- 
curves can be recorded on a film, figures graph galvanometers and the necessary 

5 (b) and (c), even though the deflections 2,000-cyde excitation are also connected 



members as locomotives pass over them 
and in determining the lateral thrust pro¬ 
duced by the axles of the locomotives, 14 
Electric-locomotive designs have been 
greatly influenced by the results ob- 

Paper number 38-97, recommended by the AIEE 
committee on instruments and measurements and 
presented at the AIEE summer convention, Wash¬ 
ington, D, C. f June 20-24, 1938. Manuscript sub¬ 
mitted November 4, 1938; made available for pre¬ 
printing May 81, 1938. 

M. A. Rusher and A. V. Mbrshon are both em¬ 
ployed in the general engineering laboratory of the 
General Electric Company, Schenectady, N. Y. 

1. For all numbered references, see list at end of 
paper. 


an agreement entirely satisfactory for 
design purposes even in spite of the fact 
that the 204-A tube has considerable sec¬ 
ondary electron emission at the control 
grid. This secondary emission makes 
the grid-current pulse more peaked than 
a square law, thereby reducing the d-c 
grid current below the calculated value 
while raising the d-c plate current, but 
without affecting the third-harinonic 
component of grid and plate currents 
appreciably. If it were not for these 
effects of secondary emission the agree¬ 
ment between calculated and exact re¬ 
sults would be within three per cent, but 
even as it is the errors in calculated power 


are comparatively large. This makes it 
possible to obtain greater sensitivity with¬ 
out introducing difficulty in interpreting 
the records. 

The electric strain gauge, shown in 
figures 1 and 2, has a circuit funda¬ 
mentally the same as that of the vibra¬ 
tion recorder. 1 The four arms of an 
a-c bridge circuit, figure 3, contain, re¬ 
spectively, a strain-gauge head, a bal¬ 
ancing unit and two coils of a differen¬ 
tially connected transformer. The two 


output and plate loss are less than seven 
per cent. 
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Figure 1 

A—Strain-gauge head mounted on a test bar 
B —Balancing unit 
C—Attaching fixture 



Figure 2. Power unit for use with four strain- 
gauge heads 
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to the power unit, producing a record of 
four strains simultaneously. For con¬ 
venience in operating in the field a 2,000- 
cycle generator driven by a 12-volt motor 
is operated from a 12-volt storage battery, 
figure 3. Where a power supply is avail¬ 
able, the 2,000-eyde generator can be 
driven by a standard motor. 

The principal difference between the 
old vibration recorder and the new strain 
gauge lies in the oscillograph galvanome¬ 
ter circuit. This circuit includes, in 
addition to the galvanometer, a copper- 
oxide rectifier, a 2,000-cyde filter, and a 
4,000-cycle filter. The galvanometer cir¬ 
cuit must have a low impedance for all 
frequences within the range in which 
mechanical phenomena occur, as for ex¬ 
ample, from one to 1,000 cydes per 
second. Most mechanical apparatus on 
which strain gauges would be used will 
have natural frequences well within this 
range. 

In order to obtain relative values for the 
various frequences to be recorded, it is 
necessary to use a galvanometer filter cir¬ 
cuit that will give all frequences approxi¬ 
mately the same weighting. In other 
words, the output circuit impedance 
should be the same for all frequences 
within the range in which the circuit is to 
be used. 

A typical frequency-impedance curve 
is plotted in figure 4, showing that the 
impedance remains approximatdy the 
same up to 1,000 cydes per second, 
ranging from 125 to 180 ohms. Mechani¬ 
cal deflections in the range from 1,500 
cydes to 2,200 cydes will be recorded at 
greatly reduced values as these fall within 
the resonant zone of the 2,000-cyde 
filter, which is designed with a high im¬ 
pedance to eliminate the 2,000-cyde ex- 




dtation of the generator. A 4,000-cycle 
filter circuit is used to eliminate the 
4,000-cyde ripple. 

The two high-impedance peaks in fig¬ 
ure 4 come at 2,000 cydes and at 3,800 
cydes per second, where the circuit is in 
resonance for the purpose of eliminating 
the extitation frequences. The im¬ 
pedance at these two frequencies are 
approximatdy 3,400 ohms and 7,000 
ohms, respectivdy. 

In order to darify the results of pro- 
dudng a pure d-c record from an a-c ex- 
dtation source, let us consider what is 
going on within the oscillograph-galva¬ 
nometer filter circuit. The copper-oxide 
rectifier receives a 2,000-cyde alternating 
current for its input, which contains 
equal amplitudes for each of the indi¬ 
vidual half cydes provided there is no me¬ 
chanical disturbance being investigated. 
When mechanical transients occur, the 
individual half cydes vary in amplitude 
in proportion to the disturbances which 
are bdng measured. In other words, the 
2,000-cycle carrier wave is modulated by 
the mechanical phenomena. The cop¬ 
per-oxide rectifier receives this modulated 
2,000-cyde wave and has for an output a 
modulated pulsating wave. The pulsa¬ 
tions from the rectifier are eliminated 
from the galvanometer circuit by the 
2,000-cyde and the 4,000-cyde filters, 
thus produdng a d-c deflection. 

A Fourier Series analysis of the recti¬ 
fier pulsations shows a d-c component, a 
fundamental of 4,000 cydes, a lower fre¬ 
quency component of 2,000 cydes, and 
harmonics higher than 4,000 cydes. An 
oscillographic analysis of the galvanome¬ 
ter circuit shows that the galvanometer 
itself produces considerable mechanical 
damping as the natural frequency of the 
supersensitive galvanometer used is ap¬ 
proximately 1,200 cydes per second. 
The 4,000-cycle filter when used alone 
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Figure 4. Frequency-impedance curve of 
oscillograph-galvanometer filter circuit of 
electric strain gauge 


leaves a 2,000-cycle ripple on top of the 
d-c deflection. This 2,000-cycle ripple 
comes from the rectifier and the mag¬ 
netic pick-up in the circuit. The 4,000- 
cyde filter and the 2,000-cyde filter, to¬ 
gether with the mechanical damping of 
the galvanometer, produce a d-c deflec¬ 
tion which is practically free from alter¬ 
nating current. 

The osdllogram, figure 5 (6), shows a 
record of the mechanical transient which 
occurred in a test bar when subjected to a 
sudden blow. Curve B shows this tran¬ 
sient as recorded by the strain gauge. 
Curve C shows the corresponding 2,000- 
cyde transient supplied to the rectifier. 
Curve A is a 60-cyde timing wave. 
Strain-gauge records such as curve B can 
be easily identified even when they over¬ 
lap each other. It is possible to record 
six such curves simultaneously when using 
a six-dement general-purpose oscillo¬ 
graph. Figure 5 (c) shows five records 
which can readily be distinguished from 
each other at all points. 

The strain-gauge head A, figure 1, 
must be calibrated very accurately in 
order to measure the small changes in 
length of the part under test. For this 
purpose it is mounted at A on a cali¬ 
brating stand, figure 6, just as in actual 
use, with the balandng unit B in the 
second leg of the bridge circuit, figure 3, 
of which the remaining two legs are in the 
power unit, figure 2. It is customary to 
make this calibration in ten-thousandths 
of an inch (0.0001-inch steps) although 
less accurate calibrations are sometimes 
suffident. An electric gauge E, figure 6, 
is used with its power unit F and indi¬ 
cating microammeter £ as a calibrating 

Electrical Engineering 




Figure 5a. A modulated 500-cycle record 



Figure 5b. Strain-gauge record 

A —Timing wave, 60 cycles 
B —Mechanical transient, impressed on the 
electric strain-gauge circuit 
C—2,000-cycle a-c input to copper-oxide 
rectifier 


medium. A 2,000-cycle power supply is 
used for excitation and an oscillograph 
galvanometer for recording in order to 
be able to apply the calibration to rapid 
changes which may occur while the 
strain gauge is being used. The calibra¬ 
tion is made by taking readings of oscil¬ 
lograph deflections corresponding to a 
number of definitely spaced settings of 
the strain-gauge head. The indicating 
instrument G, figure 6, which is used with 
the electric gauge E, gives a full-scale 
deflection for 1/1,000 inch movement at 
the strain gauge, a magnification of 5,000 
to one. Provision is made on the cali¬ 
brating stand for comparing the electric 


Table I. Calibration of Strain-Gauge Head 


Master Oscillo- 

Gauge graph Gal- 

Blocks, Yanometer 

Nominal Deflections 

Thickness Thickness Micro- (Milli- 
(Inches) (Inches) amperes meters) 


0 . 1000 .. 

.. 0 . 10000 .. 

HI 

....11 

0 . 1001 .. 

,. 0 . 10006 .. 

... 121 .. 

....15 

0 . 1002 .. 

.. 0 . 10019 .. 

... 157 .. 

.... 22.5 

0 . 1003 .. 

. . 0 . 10028 .. 

... 187 .. 

.... 28.5 

0 . 1004 .. 

.. 0 . 10036 .. 

... 205 .. 

.... 32 . 

0 . 1005 .. 

.. 0 . 10048 .. 


.... 41 . 

0 . 1006 .. 

.. 0 . 10060 .. 

.. 288 .. 

.... 48.5 

0 . 1007 .. 

.. 0 . 10068 .. 

., 312 .. 

.... 53.5 

0 . 1008 .. 

.. 0 . 10079 .. 

.. 349 .. 

.... 61 . 

0 . 1009 .. 

.. 0 . 10090 .. 

.. 388 .. 

.... 68,5 

0 . 1010 .. 

.. 0 . 10099 .. 

.. 423 .. 

.. .. 75.5 
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Figure 5c. Simultaneous records using elec¬ 
tric strain gauges and vibration recorder 


gauge directly with accurate thickness 
standards. 

After calibrating the strain-gauge head 
on the stand, it can be moved to a test 
position without changing its calibration 
when its air gap is reset to give the same 
oscillograph deflection. 

A typical calibration of a strain-gauge 
head is shown in table I. This calibra¬ 
tion was taken with air gaps of approxi¬ 
mately 0.010 inch in the strain-gauge head 
and balancing unit. It is here seen that 
a strain of 1/100,000 inch produces an 
oscillograph deflection which is easily 
read. Corresponding calibrations with 
larger air gaps can be taken if less sen¬ 


7?/»t oTumt JlyfWcJi/vn— SforriA/n. a 


sitivity is desired in order to cover a 
wider working range. 

The calibrations of table I are made 
statically, but they can be applied to 
transient measurements over the fre¬ 
quency range for which the instrument 
was designed. The variations in air gap 
of the strain-gauge head produce changes 
in impedance of that branch of the bridge 
circuit which are independent of their 
rate of change and should be recorded 
correctly if they are within the frequency 
range of the electric gauge and of the os¬ 
cillograph galvanometer used. In order 
to obtain high current sensitivity a super¬ 
sensitive oscillograph galvanometer is 
used for recording. This can be used up 
to at least 500 or 600 cycles per second 
without correction. A transient such as 
that shown in curve B , figure 5 (5), was 
over in Vso second so that it was well 
within the working range of the oscillo¬ 
graph galvanometer. Errors due to 
change of damping of the oscillograph 
galvanometer with change of tempera¬ 
ture are practically eliminated due to the 
fact that the comparatively low fre¬ 
quency of the modulated wave is re¬ 
corded instead of the higher carrier fre¬ 
quency. 

If only static or slowly varying strains 
are to be recorded, a carrier frequency 
lower than 2,000 cycles is satisfactory de- 
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Figure 6 (above). Strain gauge calibrating 
equipment (power unit at left, calibrating stand 
and gauge heads in center, indicating instru¬ 
ment at right) 


Figure 7 (below) 

A—Travel recorder detector 
fi—Balancing unit 
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pending upon the rate of change of the 
stress. An indicating instrument can be 
substituted for the oscillograph galva¬ 
nometer to show the magnitude of static 
strains only. 

In connection with the measurement 
of strain, it is frequently desirable to de¬ 
termine the relative movement of parts. 
A travel-recorder detector, designed to 
measure deflections up to one inch, is 
shown in figure 7 together with its bal¬ 
ancing unit. These are substituted for 
the strain-gauge head and balancing unit 
of figure 3, producing a record comparable 
with that from the strain gauge. It is 
used with the oscillograph when very 
rapid changes are to be recorded or with 
an indicating instrument to show slower 
movements. 

The armature, shown in the middle of 
figure 7 is mounted on the moving part 
and the frame of the detector on the sta¬ 
tionary part so that one moves with re¬ 
spect to the other. The deflections on the 
Oscillograph film are directly proportional 
to the mechanical motions and are uni¬ 
directional with respect to the electrical 
zero. 
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Summary 

The electric strain gauge can be used to 
record accurately strains as low as 0.00001 
inch, whether these are static or are os¬ 
cillatory at frequencies up to at least 
500 cycles per second, and the single-line 
trace allows several measurements to be 
recorded simultaneously. 
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Discussion 

C. M. Hathaway {General Electric Com¬ 
pany, Schenectady, N. Y.): This paper is 
intended by its authors to serve as a prog¬ 
ress report to the Institute and it should be 
welcomed because a great deal has been 
accomplished since the original presentation 
by A. V. Mershon, one of the co-authors of 
the present paper, in 1926, in a paper en¬ 
titled "Vibration Recorder for Electrically 
Measuring and Recording Small Mechanical 
Movements." 

Although the device originally described 
by Mr. Mershon has received numerous 
modifications since that time as its applica¬ 
tion has been extended in many different 
directions, the same fundamental circuit 
still survives. This present paper described 
the extension of the application of the gauge 
to measurements at higher frequency, the 
addition of a filter to provide a more de¬ 
sirable type of record as well as a more ac¬ 
curate one, and the application of the gauge 
to the measurement of strain. 

The applications of the electric gauge 
since its original conception have been nu¬ 
merous, and they are, I believe, just as inter¬ 
esting to engineers in all branches of our 
profession, so I will present a little histori¬ 
cal sketch of its development from infancy 
to the present time, and describe some of its 
interesting and more recent applications. 

The fundamentals of the electric gauge 
were first worked out in order to measure 
the motion of hydraulic gate valves under 
water. The principle was applied shortly 
thereafter to the measurement of transient 
pressures in oil-circuit-breaker housings 
and to the measurement of the displace¬ 
ments of rotating parts within turbine hous¬ 
ings. About this time a refrigerator manu¬ 
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facturer was in need of an accurate gauge for 
the production measurement of compressor 
parts having tolerances of "plus nothing— 
minus 0.0003 inch." The electric gauge 
principle was naturally applied to this prob¬ 
lem also and with very satisfactory results, 
V 10,000 inch being expanded to one inch on 
the scale of the indicating instrument. 
The refrigerator manufacturer was enabled 
to inspect his parts more accurately and 
rapidly than before, and actually to assort 
his parts for matched assembly within his 
small tolerance range. Special multiple 
gauging stands were built, permitting as 
many as four dimensions to be gauged simul¬ 
taneously. Points of wear were tipped 
with tungsten carbide, diamond, or sap¬ 
phire, and some of the original stands have 
been in continuous use since 1930 and are 
still in operation. 

The successful operation of these gauges 
in the plant of the refrigerator manufacturer 
so impressed a gauge manufacturer that an 
arrangement was made for supplying the 
electric gauge to the trade, so that the elec¬ 
tric gauge is now well known and is found 
in many manufacturing plants throughout 
this country and parts of Europe. 

An interesting application of the electric 
gauge has been made to the tail-stock of the 
Pratt and Whitney measuring machine 
enabling this machine to be used for com¬ 
parison work to a millionth of an inch if 
proper precaution is taken in regard to 
constancy of temperature. 

Perhaps to the engineer the most interest¬ 
ing and useful application of the electric- 
gauge circuit is to the measurement of 
strain. Strain gauges have been built and 
used with good results in a number of in¬ 
vestigations involving the measurement of 
stress in mechanical and structural members. 
Studies have been made of stresses in bridge 
structures during passage of high-speed 
locomotives, enabling the engineers to study 
stresses in structures too complex to permit 
ready calculation, and to investigate the 
resonant behavior of the bridge as trains 
crossed it at various speeds. Investigations 
have been made of stresses in electric loco¬ 
motive members during service, and of 
stresses in rails and joint bars under various 
normal and abnormal conditions. Most of 
these investigations were carried on with a 
strain gauge weighing between four and five 
ounces and having a gauge length of 2 1 /* 
inches. This gauge is sensitive enough to 
permit measurement of stress as low as 100 
pounds per square inch in steel, without the 
use of amplification. 

A recent development in this strain gauge 
makes use of amplification, not to increase 
sensitivity but to decrease the size of the 
gauge head. The result is a gauge head 
weighing about one-half ounce and having a 
gauge length of an inch. This small strain 
gauge is particularly useful for measurement 
of stresses in aircraft parts and members of 
small section. 

The electric gauge has been applied to 
cold-strip-steel rolling with surprising re¬ 
sults. By the electric gauge the thickness 
of the finished product is continuously indi¬ 
cated, the pressure exerted on the rolls is 
measured, and the tension on the strip be¬ 
tween stands is both indicated and auto¬ 
matically controlled. These applications of 
the electric gauge have alone increased the 
rolling speed from about 250 feet per min¬ 
ute to more than 1,300 feet per minute. 
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De-ion** Air Circuit Breakers for A-C 
Feeder, Motor Starting, and Station 
Auxiliary Service 

By R. C. DICKINSON 
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Synopsis: The first circuit interrupters for 
a-c service were of the air-break type, fol¬ 
lowed very shortly by oil circuit breakers 
for general high-voltage service. Air “De- 
ion" circuit breakers introduced in 1928 
provided a new type of circuit interrupter 
for a-c service. Recent applications of 
these principles result in a line of De-ion air 
circuit breakers for 2,500-volt and 5,000- 
volt ratings suitable for use in a-c feeder 
circuits, motor starting, and general station 
auxiliary service. 

T HE electrical industry used air-type 
arc-interrupting devices when it first 
became desirable or necessary to open 
the circuits between the generators and 
the loads. Very little was known about 
arc characteristics except that after an 
arc was stretched sufficiently, the circuit 
voltage would not maintain it and the 
circuit would be interrupted. In about 
1895 the increased voltage and power re¬ 
quirements incidental to the extension of 
a-c systems led to the introduction of the 
oil circuit breaker on account of its com¬ 
pactness and the confinement of the arc. 
Both air and oil circuit breakers continued 
in use for several years, but the advan¬ 
tages of the oil breaker led to the disap¬ 
pearance of the air breaker from the 
higher voltage a-c fields. The older 
catalogues indicate the use of air circuit 
breakers for voltages up to and possibly 
higher than 66-kv as late as 1902. Figure 
1 illustrates this general type of construc¬ 
tion as applied to 2,300-volt service. 

The oil circuit breaker gradually be¬ 
came the principal factor in high-voltage 
a-c switching. Nevertheless, the air 
circuit interrupter has continued for 
application to d-c service as high as 
3,000 volts and for a-c service of 2,300 
volts and in some cases at higher volt¬ 
ages. The magnetic blow-out prin- 


Paper number 38-85, recommended by the AIEE 
committee on protective devices, and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1038, Manuscript submitted May 9, 
1938; made available for preprinting May 31,1938. 

R. C. Dickinson is circuit breaker engineer with 
the Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 

1. Por all numbered references, see list at end of 
paper. 
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ciple was introduced as a modification of 
the “long arc” principle of circuit inter¬ 
ruption and these devices continue in use 
for moderate power requirements. 

The steady growth of the electrical 
industry resulted in continually increas¬ 
ing concentrations of power and an ever¬ 
growing necessity for continuity of serv¬ 
ice, requiring greater safety and depend¬ 
ability of operation, particularly on the 
part of the switchgear. Improvements 
were made in the construction of oil cir¬ 
cuit breakers to meet these increasingly 
severe operating conditions and research 
was directed into the fundamental prin¬ 
ciples of a-c circuit interruption. 

As a result of this research, the “De- 
ion* ’ air circuit breaker principle was 
introduced in 1929 1 ’ 2 . This De-ion air- 
break principle was based on a new con¬ 
cept of arc phenomena resulting from in¬ 
tensive studies of the fundamental struc¬ 
ture of matter, which work, of course, had 



Figute 1. High-voltage 2,500-volt air circuit 
breaker used as late as 1902 to 1904 
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been going on for a good many years. 

Because of the fundamental soundness 
of the De-ion theory, it then became pos¬ 
sible to design circuit breakers for a defi¬ 
nite performance. The inherent ad¬ 
vantages of De-ion air circuit breakers 
over other types of air circuit breakers 
were found to be chiefly compactness, 
relatively high arc rupturing ability, short 
duration of arcing, and the control of arc 
products, and thus opened up new pos¬ 
sibilities of switchgear without oil for 
25,000 volts and below, and at moderate 
interrupting capacities. 

To review briefly the theory of the De¬ 
ion air circuit breaker, its operation de¬ 
pends primarily upon the high initial 
rate of recovery of dielectric strength of a 
thin space at an arc cathode, this being 
in the order of 250 volts within the first 
microsecond. If a series of iV arc spaces 
is provided, a voltage of 250 N can be 
interrupted on commercial circuits al¬ 
though a lower voltage per arc space is 
used in actual practice. Since the inter¬ 
rupting process depends primarily upon 
the rapid development of a very thin 
layer of dielectric at the arc cathode, it 
follows that the individual arcs in the 
series need not be long and in fact they 
may be as short as is commercially prac¬ 
ticable. The net result is that in a 2,500- 
volt 100,000-kva De-ion air circuit 
breaker, capable of interrupting the full 
2,500 volts on a single element, the length 
of the active parts of the interrupter is 
less than six inches. 

In general, the duration of arcing in 
De-ion air circuit breakers averages from 
one-half to one cycle at the usual range 
short-circuit currents. The arc is quickly 
moved from the arc tips into the inter¬ 
rupting element and the circuit is gener¬ 
ally interrupted at the next zero point of 
current. 

The interrupting element of the De-ion 
air circuit breaker, being composed es¬ 
sentially of a series of copper plates sepa¬ 
rated by thin insulating spacers, com¬ 
pletely encloses the arc and the latter is 
never exposed to the exterior parts of the 
breaker. By the proper design and choice 
of materials it is thus possible to control 
the expanding gases resulting from the 
arc. As a result, the De-ion air circuit 
breaker has been adapted to metal en¬ 
closed switchgear which compares favor¬ 
ably in size to corresponding oil switch- 
gear. 

The first practical design of a De-ion 
air circuit breaker was at 2,300 volts. 
This breaker was not commercialized but 
several were placed in trial operation on 
transformer and motor circuits in the 
East Pittsburgh plant in August 1927, 
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Two of these units are still in active 
service. 

The next design of De-ion air circuit 
breaker was in the 15-kv class, with an 
interrupting rating of 20,000 amperes, 
equivalent to 500,000 kva. Approxi¬ 
mately 100 of these breakers were placed 
in central station service between 1928 
and 1932, the earliest of these units still 
being in operation with the original 
interrupting elements. 

Many other interesting applications 
of the De-ion principle have been made 
for 5,000-volt, 7,500-volt, 15,000-volt, 
and 25,000-volt classes. However, this 
apparatus has in general been more costly 
to build than corresponding oil breakers 
and the great increase in oil breaker ef- 
• fidency in recent years has removed to a 
large degree the necessity for duplication 
of apparatus lines. 

Since De-ion grids not only became 
available for new oil circuit breakers, 
but also were applicable to circuit break¬ 
ers in the customer’s possession, the ad¬ 
vantages of the De-ion air drcuit breaker 
became less apparent. However, with the 
accumulation of field experience with 
these early De-ion air breakers, certain 
fields proved logical ones for the exploi¬ 
tation of the De-ion principle: 

(a) Elimination of fuses from low voltage 
a-c and d-c switchgear has been very gen¬ 
eral in recent years and the De-ion principle 
as incorporated in the small line of breakers 
illustrated by figures 2 and 3 is typical of 
the apparatus now serving that field. 

(b) The 6,600-volt three-phase steel-mill 
main-motor-drive switchgear has proved a 
fertile field for De-ion air breakers, because 
of the fact that these breakers proved their 
ability to handle highly repetitive service 
with little or no maintenance. The forward 
and reverse breakers for main drive motors 
of 5,000 horsepower at 6,600 volts, are in 
some cases required to operate 1,500 to 2,000 
times per month on starting and full-load 
currents. 

A line of 7.5-kv breakers was introduced 
in 1933 for this type of service which has 



Figure 2. Low-voltage De-ion air circuit 
breaker, 600 voltt alternating current, 250 
volt* direct current 
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since been expanded into metal enclosed 
equipment of both horizontal draw-out 
and cubicle construction. Figure 4 a 
shows a 1,200-ampere 7.5-kv unit for 
horizontal draw-out equipment rated at 
250,000 kva. This breaker is insulated 
for the AIEE test for 15-kv breakers. 
In addition to having the long life in¬ 
herent in the De-ion construction, this 
line of breakers is also designed for extra 
long mechanical life. Some of these 
units have service records of over 150,000 
operations as reported in 1937, and are 
still in active duty. Approximately 150 
breakers of this type have been placed 
in service. Another form of 7,500-volt 
De-ion air circuit breaker for lower rup¬ 
turing capacity is shown in figure 4 b. In 
this assembly the complete breaker is 
mounted within a metal enclosure ob¬ 
taining a high degree of compactness for 
this type of equipment. 

In view of these developments the 
question may logically be asked, why 
cannot the De-ion principle be applied 
rather widely to the elimination of oil 
from power house auxiliary switchgear 
and similar installations? The power 
requirements are well within the technical 
limits of the De-ion development and 
there are certain definite improvements 
in the switchgear layout which can be 
made by the elimination of oil. 

As a result of the large accumulation 
of field experience on De-ion air circuit 
breakers, there has been developed a new 
line of breakers for ratings up to 100,000 
kva at 2.5 kv and 150,000 kva at 5 kv. 
These are particularly applicable to sta- 



Figure 3. Deionizing chamber for low-volt¬ 
age De-ion breaker of figure 2 
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tion auxiliary, motor-starting, and sub¬ 
station distribution-feeder service. In 
this field of switching equipment, space 
requirements and economic considera¬ 
tions are predominant factors. 

Figure 5 illustrates a 2,000-ampere 
3-pole 2.5-kv breaker unit of 100,000 
kva interrupting capacity. The general 
design and construction of this breaker 
differ considerably from that of high- 
voltage De-ion air circuit breakers pre¬ 
viously described before the Institute. 3 
The line terminal bushings are mounted 
on a vertical steel base plate which forms 
a foundation for the entire breaker as¬ 
sembly. The interrupting elements or 
deionizing chambers are mounted ver¬ 
tically over the upper terminal bushings, 



Fismw 4. Horizontal draw-out metal-en- 
aosed De-ion air circuit breaker for 1,800 
amperes, 7.5 ky, of the type widely applied in 
6,600-volt steel mill service 
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with a small post-type insulator as ad¬ 
ditional support. 

The principles of construction and op¬ 
eration of the deionizing chamber in this 
new design of breaker are best under¬ 
stood by reference to figure 6. As in 
breakers previously described before the 
Institute, the basic principle of initiating 
the arc at a single contact and then break¬ 
ing it into a series of short arcs between 
copper plates is retained. Also as in pre¬ 
vious breakers, two magnetic fields are 
required, one for moving the arc from 



Figure 5. Three-pole De-ion air circuit 
breaker unit For 2,000 amperes, 2.5-kv, for 
100,000-kva interrupting capacity 


the arc tips into the series of plates and 
another, which in reality is a combina¬ 
tion of magnetic fields, for rotating the 
short arcs over circular paths between 
the plates. These two magnetic fields 
are generally referred to as the entering 
or blow-in field and the radial fields. 
Referring again to figure 6, each copper 
plate is surrounded on top and sides by a 
steel plate of the same thickness. These 
pairs of plates are stacked with thin in¬ 
sulating spacers between, each set of 
spacers being so shaped as to form path¬ 
ways for the individual short arcs and arc 
terminals and also a vent to the top of the 
chamber for each short arc. At inter¬ 
vals of a few inches in this stack of plates 
are located coils for supplying the radial 
magnetic fields. This unit assembly is 
clamped tightly together by stiff end 
plates and insulated studs. 

In operation, the steel plates, which 
extend downward below the arc tips, act 
as a composite magnetic yoke which 
supplies magnetic flux for moving the 
arc through the arc box, the space be¬ 
tween the arc tips and the lower edges 
of the copper plates. This yoke is en¬ 
ergized magnetically as follows; As the 
arc is initially formed at the arc tips, the 
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Figure 6. Illustration 
of the principles of 
construction of mod¬ 
em De-ion air circuit 
breakers showing 
how the arc is con¬ 
trolled by magnetic 
fields 
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flux surrounding the arc current circulates 
through the steel plates above the arc 
and across the air gap between the lower 
ends of the steel plates below the arc. 
This results in a force reaction to move 
the arc upward toward the copper plates. 
The shape of the electrical circuit through 
the line terminal studs and contact mem¬ 
bers also assists in the initial upward 
movement of the arc. The impingement 
of the arc on the tip of the arc horn ener¬ 
gizes the loop circuit, formed by the stud 
running centrally through the copper 
plates and returning through the two 
lower studs in parallel, to the arc horn 
immediately above the stationary arc tip. 
The arc horn is insulated from the arc 
tip sufficiently to withstand the voltage 
drop caused by the impedance through the 
loop. This is illustrated in the small dia¬ 
gram in figure 6. As the arc strikes the 
arc horn, the voltage across that portion 
of the arc between the contact and horn 
causes current immediately to flow 
through the loop. Due to the low im¬ 
pedance of the loop compared to the 
voltage developed by that portion of the 
arc in parallel with it, the entire current 
is quickly transferred to the loop. Since 
the current in the upper stud flows in the 
same direction as the arc current this 
loop then acts as an additional turn for 
further magnetizing the steel plates. 
With this strengthening of the entering 
field, the arc is moved upward into the 
narrowing throat formed by the tapered 
slots in the copper plates. As explained 
previously before the Institute, the pur¬ 
pose of the tapered slot in each copper 
plate is to increase the voltage of the 
single arc to effect the transition from a 
single arc to a multiplicity of short arcs 
in series. 

The radial field coils are electrically 
connected to adjacent copper plates 
having extensions below the other copper 
plates. These coils are introduced into 
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series relationship to the arc current 
shortly before the arc reaches the ends 
of the slots in the main copper plates, in 
a manner similar to that in which the 
entering field loop circuit was introduced. 
These radial fields then provide additional 
impetus for the final transfer of the arc, 
at the ends of the tapered slots, into the 
stack of copper plates to form a series of 
short arcs. Under the influence of the 
same radial fields, the short arcs then ro¬ 
tate at high velocity in the circular path¬ 
ways formed by the insulating spacers 
until the next current zero, when the cir¬ 
cuit is interrupted. 

In the higher voltage De-ion air circuit 
breakers, the static shields are provided, 
along the interrupting element or De-ion 
stack, in order to divide the voltage 
evenly among the short arcs. Because of 
the smaller number of gaps and the 
greater compactness of the interrupting 
element of the 2,500- and 5,000-volt circuit 
breaker, satisfactory distribution of volt¬ 
age is obtained without the use of ex¬ 
ternal shielding. 

The contact system of this breaker is 
interesting in that springs and full- 
capacity contact shunts are eliminated 
without sacrificing the basic advantages 
of the line-type butt contact. Figure 7 
illustrates operation of the contacts. 
The stationary contacts are fixed on the 
ends of the two terminal studs, the upper 
one being a replaceable combination 
main and arcing contact. The movable 
contacts are located at the ends of a 
solid copper bar which forms a bridging 
member across the stationary contacts, 
the lower pair of contacts being bridged 
by a light, flexible shunt. The movable 
contact member is pivoted at the center 
through an elongated hole to the actuat¬ 
ing lever, with a compression spring be¬ 
tween the two. This spring biases the 
movable contact member against the 
stationary contacts, in the closed posi- 
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Figure 7, Contact system of the 2.5-5 kv 
De-ion breaker for station auxiliary and similar 
applications 


tion, and, in opening, gives it a rolling 
action to cause final separation at the arc 
tips. These tips are of silver-tungsten, 
having high resistance against the burning 
action of the arc. 

Solid silver plates in the main contact 
surfaces maintain low contact resistance 
over long service periods. 

The individual pole units are isolated 
from each other by insulating barriers of 
rectangular Micarta tubing. The three- 
pole breaker is operated by a conventional 
solenoid mechanism located immediately 
below the breaker pole units, as shown in 
the illustration of the test sample, figure 
8. Because of its novel arrangement, 
this breaker is extremely simple and com¬ 
pact and all parts are readily accessible 
for inspection or maintenance. 

An experimental sample 2.5-kv breaker, 
shown in figure 8, consisting of a single¬ 
pole unit mounted on a three-pole frame 

Table I. Typical Data From Interrupting Tests 
on 2.5-Kv De-ion Air Breaker 


Time From 

Interrupted Restored Energizing 

Current, Voltage, of Trip 
Root-Mean- Root-Mean- Coil to Arc 
Test Square Square Extinction 

Number Amperes Volts (Cycles) 


1 ... 

.... 220... 

...2,420... 

...7.0 

2... 

3... 

.... 323... 

.... 1,120... 

...2,610... 

...2,060... 

...6.0 

...5.7 

4... 

... 2,850... 

..2,310... 

...5.7 

5. .. 

... 4,160... 

. ..2,270.. . 

...5.7 

6 ... 

... 7,390.... 

• ..2,200... 

.. .5 6 

7... 

...10,030.... 

...2,050... 

...53 

8. 

...12,000.... 

...2,070... 

...5.6 

9... 

...14,900.... 

...2,290... 

...53 

10... 

...16,900.... 

...2,250... 

...*!2 

11... 

...21,100.... 

..2,270... 

.. .5.2 

12.... 

...20,000.... 

...2,200.., 

.. .5.6 

13... 

...20,400.... 

...2,080... 

.. .5.5 

14.:. 

,. .22.200.... 

...2,200... 

...5.22 

15... 

...25,000.... 

-.2,510... 

.. .5^22 
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Figure 8. Single-pole experimental model of 
2/500-volt De-ion air circuit breaker for 
100/000-kva interrupting capacity 


and operated by a standard three-inch 
solenoid, was tested beyond its interrupt¬ 
ing rating in the high-power laboratory at 
East Pittsburgh. Tests were made at 
from less than 50 amperes to well in 
excess of 25,000 amperes, the majority 
of tests being made with from 2,500 volts 
to 3,200 volts on the test generator with 
restored voltages from 2,000 to 2,600 
volts. 

The first continuous series of tests con¬ 
sisted of 144 interruptions, stopping only 
at intervals to examine the breaker. As 
many of these tests were repeat inter¬ 
ruptions at about the same current levels, 
oscillographic data from a few repre¬ 
sentative tests are shown in table I. It 
will be noted that the time from energiz¬ 
ing of the tripping coil to the interruption 
of the circuit is consistently less than six 
cycles for currents down to approximately 
1,000 amperes, showing a safe operating 
margin for the standard eight-cycle rat¬ 
ing. 

All of the above tests were made on 
the sample breaker as originally built 
and no part of the breaker was modified 
or replaced during the tests. These 
tests represent the equivalent of five 
years or more interrupting service on the 
average circuit breaker. Figure 9 shows 
a deionizing plate taken from the experi¬ 
mental breaker after 45 interruptions, 5 
of which were above 20,000 amperes, 
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17 above 10,000 amperes, 23 above 5,000 
amperes, and 44 above 1,000 amperes. 
This plate shows very little deterioration 
and was used for subsequent tests. Fig¬ 
ure 10a shows a typical oscillogram made 
during an interruption of 25,500 amperes 
at 2.5 kv. Table II shows typical oscil¬ 
lographic data taken from another series 
of 19 unit-operation interrupting tests. 

The experimental breaker was equipped 
with a deionizing chamber containing a 
greater number of plates and insulating 
spacers, designed for an interrupting rat¬ 
ing of 20,000 amperes at 5 kv, equivalent 
to 150,000 kva. Similar interrupting tests 
were made on this unit. Table III shows 



Figure 9. Deionizing plate taken from ex¬ 
perimental breaker unit after one series of 45 
short-circuit interrupting tests 


typical data taken on this series of tests, 
with breaker interrupting times of less 
than six cycles. Figure 105 shows a 
typical oscillogram. 

In addition to the short-circuit inter¬ 
rupting tests, the suitability of this type 
of breaker for motor starting, station 
auxiliary, and other types of highly repeti¬ 
tive service was investigated by three 
series of endurance runs. The first two 
runs simulated closing the starting 
current and opening the full-load current 
of a 1,000-horse power motor. The test 
condition was made more severe than 
service condition by using air-core re¬ 
actors and thus obtaining a power factor 
of less than ten per cent. The breaker 
was closed and opened 7,700 times at 
235 amperes, 2,300 volts on the single¬ 
pole unit. It was then operated 7,700 
times on the CO cycle at 1,350 amperes, 
300 volts. This total of 15,400 opera¬ 
tions was made without any maintenance 
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whatever. The deionizing chamber used 
in these tests had previously been used 
in 48 interrupting tests, 20 of which were 
at from 9,000 to 26,000 amperes. The 
breaker was in good electrical and me¬ 
chanical operating condition after these 
tests. 

The third series of tests, part of which 
was included in the first two series, con¬ 
sisted of a mechanical endurance run of 
35,000 operations. At the end of these 
tests, the breaker was still in good over¬ 
all condition indicating an ample margin 
for many years of service. 

The breaker unit, shown in figure 5, due 
to its compactness and small space re¬ 
quirements, is suitable for complete 
metal-dad or eubide switchgear designs. 



Figure 10a. Oscillogram showing typical 
interruption at 25,500 amperes—2,510 volts 
restored on single-pole unit 


l/o/LTf <d'7/« v 




Figure 10b. Oscillogram showing typical 
interruption at 18,000 amperes, 4,600 volts 
restored on single-pole unit 

Figure 11 shows the preferred horizontal 
draw-out metal-dad switchgear unit with 
the De-ion air drcuit breaker. Uniform¬ 
ity of design is attained by making this 
unit adaptable for air breakers of various 
ratings at 2.5 or 5 kv. The insulation is 
of the 7.5-kv class. By comparison with 
the equivalent verticaHift metal-dad 
unit equipped with a modem oil circuit 
breaker of 150,000 kva interrupting ca¬ 
pacity shown in figure 12, it is to be noted 
that the space occupied by the De-ion air 
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Table II. Typical Data From CO Interrupting Table III. Typical Data From Interrupting 
Teats on 2.5-KvDe-ion Air Breaker Teat* on Five-Kv De-ion Air Breaker :.••• 


Time 

Prom 

Energiz- 

Closed Restored ing of 

Root-Mean- Interrupted Root- Trip Coil 
Test Square Root-Mean- Mean- to Arc 
Num- Current Square Square Extinction 
ber (Amperes) Amperes Kilovolts (Cycles) 


1... 

.. 1,080... 

.. 1,050.. 

..2.48.. 

...5.4 

2... 

.. 3,500... 

.. 2,430.. 

..2.39.. 

...5.5 

3... 

.. 4,700... 

.. 4,180.. 

..2.28.. 

...5.3 

4... 

..11,300... 

.. 9,070.. 

..2.16.. 

...5.7 

5... 

..17,400... 

..14,400.. 

..2.05.. 

...5.7 

6 ... 

. .17,500... 

..14,400.. 

..2.06.. 

...5.8 

7... 

..18,000... 

..14,700.. 

..2.08.. 

...5.8 

8... 

..40,000... 

.,18,800.. 

..1.95.. 

...5.6 


Time Prom 

Interrupted Restored Energizing 

Current, Voltage, of Trip 
Root-Mean-Root-Mean- Coil to Arc 

Test Square Square Extinction 

Number Amperes Volts (Cycles) 


1... 

... 1,840... 

...4,610... 

...5.7 

2... 

... 2,910... 

...4,560... 

...5.8 

3... 

... 3,660... 

...4,380... 

...5.7 

4... 

... 6,490... 

...4,300... 

...5.7 

6 ... 

... 8,000... 

...4,150... 

...5.60 

6... 

...12,900... 

...3,890... 

...5.6 

7... 

...13,700... 

...3,860... 

...5.6 

8... 

...14,900... 

...3,610... 

...5.7 

9... 

...16,000... 

...4,000... 

...5.7 

10... 

...18,000.... 

...3,600... 

...5.8 


circuit breaker unit is ‘approximately 
equal to that for the oil circuit breaker. 

In the air breaker unit the high-voltage 
parts are completely isolated from the 
low-voltage control circuits by sted 
barriers. The individual pole units are 
isolated from each other by rectangular 
insulating tubes as previously described. 
Other features of this construction, such 
as main disconnecting contacts, secondary 
contacts, insulated bus, etc., follow the 
most approved construction as applied to 
modern vertical-lift type metal-dad 
switchgear with oil breakers. In this 



Figure 11. Horizontal draw-out metal-en¬ 
closed switchgear unit with De-ion air circuit 
breaker for 2.5 to 5 lev, 600 to 1,200 amperes, 
up to 150,000 kva interrupting rating 


unit the De-ion air breaker is horizon¬ 
tally movable to the “disconnect” or test 
position on rollers near the center of thrust 
of the disconnecting contacts. From the 
disconnect position it may be moved out 
of the cell by means of a small transfer 
truck, thus permitting convenient re¬ 
moval of the arc interrupting stack for 
examination and maintenance of the con¬ 
tacts. . J 

Potential transformers are located in 
superstructures for both types of assem¬ 
blies and in either case control switches 
instruments, and relays may be accommo¬ 
dated on panels mounted either on the- 
front or the rear of the unit, depending 
upon whether the front aisle or both front 
and rear aisles are available. .. ., r 

Previous designs of De-ion air circuit} 
breakers have found wide spread applica-' 
tion in sted-mill, arc-furnace, and othet' 
highly repetitive services as well as in* 
power-house feeder applications. It is 
expected that the completion of these 
new De-ion circuit breakers for lower 
voltage applications will extend the ad¬ 
vantages of this type of construction to 
power-station auxiliary service, general 
motor-starting service, and substation- 
feeder applications. 
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Discussion 

J. A. Adams (Philadelphia Electric Com¬ 
pany Philadelphia, Pa.) It is particula rly 
gratifying to see continued development of 
the De-ion air circuit breaker in capacities 
which can be used extensively in distribution 
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substations. The Philadelphia Electric 
Company installed two De-ion breakers 
experimentally in 13.2-kv service in 1931, 
and in 1934 installed eight more on 4-kv 
circuits. These have operated successfully 
under both normal and short-circuit con¬ 
ditions. As a result of this experience it is 
p lann ed to instal l three additional breakers 
in 13.2-kv service, two in 4-kv service, and 
three in 4.8-kv service this year. 

While there may have been a great in¬ 
crease in oil circuit breaker efficiency during 
the last few years, as pointed out in this 
paper, it would seem that the nonoil-type 
breaker has a field of its own regardless of 
this development. This is implied in the 
paper by the statement that '‘there are 
certain definite improvements in the switch- 
gear layout which can be made by the elimi¬ 
nation of oil.” A type of installation 
where it would be particularly advantageous 
to use nonoil-type breakers appears to be 
the unattended substations. The authors 
ask, "Why cannot the De-ion principle be 
applied rather widely to the elimination of 
oil from power house auxiliary switchgear 
and similar installations ?” It is not clear 
why the same line of reasoning should not 
be extended to the main indoor switch- 
gear. It would seem that a logical de¬ 
velopment for the nonoil-type breaker is in 
the higher current carrying and higher inter¬ 
rupting capacity ratings. 


Philip Spom (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Mr. Dickinson’s paper, describing the 2,500- 
volt and 5,000-volt "De-ion" circuit breaker 
development is another indication of the 
increasing work on the design and the in¬ 
creasing interest in the use of air-type 
breakers for certain applications, particu¬ 
larly for station auxiliary service. From 
the description of the design and tests as 
given in this paper, it appears that an air 
circuit breaker with very good character- 



Figure 1. ITE 2,300-volt «ir circuit breaker 
«et up for texts at Logan 
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istics and performance has been produced. 

I believe that it would be of interest to 
present here a brief description of a devel¬ 
opment along the same lines which was 
made in connection with the recently com¬ 
pleted extension to our Logan, W. Va., plant. 
When this high-pressure extension to the 
plant was planned, the engineering and 
design having been started in 1935, it was 
felt that because of crowded conditions it 
would be a decided advantage in the auxil¬ 
iary service for all of the new portion of the 
plant to use circuit breakers without oil. 
Such development had been under dis¬ 
cussion for several years with the engineers 
of the ITE Company. Accordingly, the 
development of a suitable 2,300-volt air 
circuit breaker, having a rupturing capacity 
of 125,000 kva, was launched. The de¬ 
velopment was completed with the carrying 
through of a series of tests made at the 
Logan plant in April of this year. 

As compared with the De-ion type of 
air circuit breaker described by the author, 
this breaker, developed by the ITE Com¬ 
pany, is fundamentally of the magnetic 
blow-out type, using a special type of arc 


50j000 KVA. 


2-18,750 KVA. 

2 £ 


chute designed for rapid cooling of the arc. 

The tests on one of these breakers at the 
Logan plant demonstrated very satisfactory 
performance. I shall attempt to describe 
these tests briefly with the aid of a few illus¬ 
trations. 

Figure 1 shows one of the 2,300-volt 
1,200-ampere air circuit breakers set up in 
the yard at the Logan plant for the short- 
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Figure 2. Normal 4-kv and 2,300-volt set-up 
at Logan 
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Figure 3. Special connections for 2,300-volt 
tests at Logan 


Figure 4. Oscillogram of test number 14 
interrupting 22,800 amperes at 2,300 volts in 
three cycles 

circuit tests. With the capacity that 
could be made available at the plant without 
interfering with the plant operation, it was 
not possible to obtain the full breaker rating 
of 125,000 kva, but by means of a special 
connection in which a 6,000-kva auxiliary 
bank was reversed from its normal direction 
of transformation, we were able to obtain 
more than 100,000 kva. The normal 
method of connecting this bank is shown 
in figure 2 from which you will note that the 
three 5,000-kva generators are operated at 
4,000 volts in parallel with one of the wind¬ 
ings of the large 100,000-kva bank, and with 
the 6,000-kva bank stepping down from 
4,000 volts to 2,300. As this set-up gave a 
calculated short circuit of around 60,000 
kva or only half of the rating of the breaker, 
it was decided to change the connection to 
that shown in figure 3 in which the three 
5,000-kva generators were connected in 
parallel with the 2,300-volt side of bank 16 
instead of the 4,000-volt bus. Although 
the generators operated at reduced excita¬ 
tion, this set-up provided a much greater 
short-circuit current than could be obtained 
in any other manner at 2,300 volts. 

Altogether 25 shots were made on this 
breaker, with short-circuit current varying 
from approximately 3,000 amperes to a 
maximum of 22,800 amperes, and with 
voltages from 2,300 to above 4,000 volts. 
While time is not available to describe these 
tests in detail, a fairly complete record of 
the tests is shown in table I. You will note 
that, with the set-up in which the three 
5,000-kva generators were connected in 
parallel with the 6,000-kva bank, a maxi¬ 
mum recorded total root-mean-square cur¬ 
rent of. 22,800 amperes was obtained on 
test 14. In order to overcome as far as 
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Figure 5. Oscillogram of test number 23 
interrupting 15,200 amperes at 4,500 volts in 
3.75 cycles 


possible the effect of reduced excitation on 
the value of short-circuit current, the three 
generators operating in parallel with the 
system through the 6,000 bank were loaded 
with reactive kilovolt-amperes up to more 
than half of their respective ratings by in¬ 
creasing the field excitation. 

You will also note from table I that the 
circuit breaker time, that is, the time in 
cycles measured from the trip impulse to 
the actual interruption of the arc, averaged 
approximately four cycles or less, through¬ 
out, with the exception of a single test of 
6*A cycles in the third group. The extra 
long time in this case was undoubtedly due 
to an overloaded trip mechanism . On test 
number 10 immediately preceding this 
shot, the breaker failed to trip, entirely 



Figure 6. Contacts of ITE 2,300-volt air 
circuit breaker after short-circuit tests 


from this, cause; while on the next shot, 
which was taken without making any ad¬ 
justments, tripping occurred but was con¬ 
siderably delayed, as shown by the longer 
time on the oscillogram. At this point in 
the program the tripping mechanism was ad¬ 
justed to relieve the excessive strain and, 
thereafter, normal tripping time was ob¬ 
tained throughout the remainder of the tests. 

Having shown that the breaker gave 
satisfactory performance with the highest 
current that could be obtained at 2,300 
volts, it was decided to test the breaker, 
using the three generators alone excited 
to 4,000 volts or above. The last two 
groups of tests from number 17 to number 
23, inclusive, in table I represent these tests 
made at the higher voltage. The last two 
tests made at 4,300 volts gave a maximum 
total root-mean-square current of 16,000 
amperes. It will be noted that the breaker 
time for all of the tests at the higher voltage 
was less than four cycles. 

In all the tests at heavier current values, 
a flash was observed above the breaker at 
the time of interruption. That this was 
mainly light and not actual fire was fairly 
well demonstrated by a ball of cotton which 



Figure 7. ITE 2,300-volt air circuit breaker 
with one arc chute removed 


was suspended above one of the arc chutes 
and which was not ignited until the final 
shot made at 4,300 volts. 

Figures 4 and 5 show typical oscillograms 
taken during these tests. Figure 4 repre¬ 
sents test number 14 on which a current of 
22,800 amperes at 2,300 volts was inter¬ 
rupted in three cycles. Figure 6 shows 
test number 23 on which a current of 16,200 
amperes was interrupted in 3.76 cycles. 

Twice during the tests the arc chutes were 
removed and contacts examined. Each 
time, a moderate amount of dressing of the 
main contacts was done before proceeding 
with additional tests, but the arcing con- 
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tacts were not touched, and the amount of 
burning on these contacts was considered 
very small. The appearance of these con¬ 
tacts after the heavy current shots and prior 
to dressing is shown in figure 6. 

Figures 7 and 8 are included to give a 
better idea of the appearance of this 
breaker. Figure 7 shows the breaker with 
one arc chute removed, while figure 8 shows 
a group of these breakers as they would 
appear assembled for service. 


J. R. North (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Keen interest is being shown throughout 
the industry in low-voltage indoor oilless 
circuit breakers, particularly for station 
auxiliary service at 2,400 volts in large gen¬ 
erating stations. The “De-ion” air circuit 
breakers described by Mr. Dickinson would 
seem to have considerable possibility for 
such applications and should be very easy 
to inspect and maintain. 

However, for properly evaluating these 
air circuit breakers, we should like to in¬ 
quire regarding some of the design features. 

(а) What are the ventilation requirements from 
the standpoint of temperature rise and also from the 
standpoint of flame emission. 

(б) What is the duty cycle upon which the inter¬ 
rupting capacity ratings are based and what, if 
any, de-rating factors need to be applied for various 
reclosing duty cycles. 

(c) What is the insulation strength—60-cycle 
iflashover, impulse flashover minimum clearance to 
ground, and striking distance. 

What is the five-second current-carrying rat¬ 
ing of these breakers (root-mean-square amperes), 
as compared with their interrupting current rating. 


M. H. Hobbs (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh. 
Pa.): The series of tests given in Mr. 
Dickinson’s paper, particularly those show¬ 
ing repetitive duty, show that we now have 
a circuit breaker which is apparently the 
answer to the requirements for severe serv¬ 
ice on motor and feeder circuits for station 
auxiliaries. A number of these have al¬ 
ready been manufactured for this applica¬ 
tion, extending to other types of duty the 
operating advantages of “De-ion” breakers, 
which have proved so outstanding on 
heavy steel mill locations during the past 
several years. 

Mr. Dickinson mentioned that the De-ion 
breaker is readily adaptable for mounting 
in metal-clad switchgear assemblies. This 
fact is more important now than ever be¬ 
fore as the large majority of indoor switch- 
gear is now this type, not only for station 
auxiliaries but for other general applica¬ 
tions. It is equally important that all of 
the advantages of the designs of metal- 
clad switchgear for oil circuit breakers 
acquired during the years of its develop¬ 
ment should be retained in the structure for 
the De-ion breaker. Figures 11 and 12 
show the two comparative structures, for 
oil and De-ion breakers respectively, and 
indicate comparative dimensions. It will 
be noted that the De-ion breaker is ar¬ 
ranged as a horizontal draw-out unit as con¬ 
trasted with the vertical draw-out arrange¬ 
ment for the oil breaker. This works out 
more satisfactorily for the circuit breaker 
design on account of the horizontal position 
of the arcing chamber and presents no han¬ 
dicaps as far as the switchgear is concerned. 
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Figure 8, As¬ 
sembled group of 
ITE 2,300-volt air 
circuit breakers 



It would be just as illogical to use the ver¬ 
tical arrangement for this breaker as it was 
to use the horizontol for oil breakers having 
vertical stubs. 

As noted from the two figures, the width 
and depth dimensions are identical, and the 
height of the De-ion unit is six inches more 
than the corresponding oil breaker unit. It 
would be possible to reduce the height ex¬ 
cept for the fact that space must be pro¬ 
vided in the rear for potheads or similar 
cable terminating facilities. Accommo¬ 
dations for instrument panels are equiva¬ 
lent in that they can be mounted either in 
the front or rear, depending upon space 
facilities, that is whether only a single 
aisle or aisles front and rear sue available. 

Of course, no provision is necessary for 
circuit breaker gas exhaust as in the case of 
the oil breaker unit, although a small 
amount of ventilation is incorporated to 
assist in the small amount of gas dissipation 
which does occur. Porcelain is used for 
supporting the primary contacts, and com¬ 
pletely insulated connections and busses 
are used in the housing. It is desirable to 
provide complete isolation of the secondary 
wiring from the primary compartment, and 
this is also provided for. Provision is made 
for automatic secondary contacts and for 
operation of the circuit breaker in the test 
position by means of a jumper. The usual 
interlocks insure that contact will not be 
broken on the disconnecting devices unless 
the circuit breaker is in the open position. 

The availability of this breaker therefore 
enables us to have a complete switchgear 
unit, including bus, disconnecting devices, 
and instrument transformers, without the 
use of oil or compound in any of the com¬ 
partments. 


R. C. Dickinson: It is very pleasing to 
hear of the favor with which the 15-kv 
and 5-kv “De-ion” air breakers are re¬ 
garded by the Philadelphia Electric Com¬ 
pany as reported by Mr/ Adams. This is 
typical of the high type of performance 
given by these breakers. 

As Mr. Adams says, the non-oil type 
breaker has a field of its own regardless of 
the present state of oil breaker develop¬ 
ment., As pointed out in this paper, the 
widest field for the De-ion breaker, in 
general, has been where more frequent 
operation, either on overload or switching, 
is involved. The absence of oil deteriora¬ 
tion and the long life of the contacts and 
interrupting dement make this type of 
application most logical. However, since 
the De-ion air breakers are generally 
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equipped with standard operating solenoids 
and interrupt the complete range of currents 
within their rating, they are suitable for 
any application where oil breakers might 
be applied. 

In answer to a question raised by Mr. 
North, the De-ion air breaker is rated on 
the basis of the standard AIEE interrupt¬ 
ing duty cycle and equivalent oil breaker 
de-rating factors are used for various re¬ 
closing duty-cycles. The De-ion breaker 
may be expected to require considerably 
less maintenance for the same duty than 
the ordinary oil circuit breaker. 

In regard to continuous ratings, these 
breakers are at present supplied up to 
2,000 amperes, and higher ratings will be 
built as occasion demands. As to higher 
interrupting ratings, the present ratings 
do not parallel oil breaker ratings in the 
higher kilovolt-ampere brackets. It is 
to be hoped that development efforts will 
eventually result in ratings equivalent to 
the higher capacity oil circuit breakers. 

As to ventilation requirements, as Mr. 
Hobbs states in his discussion, a small 
amount is desirable for the dissipation of 
such gas as may be incident to circuit in¬ 
terruption but it is also desirable to assist 
in cooling the current carrying parts and 
reduce the possibility of moisture condensa¬ 
tion on solid insulation surfaces. A small 
opening at the bottom of the cell door and 
one or two openings at the top of the cell 
are sufficient. The upper openings may 
be made drip-proof. There is no appre¬ 
ciable pressure built up within the cell and 
the gases are dissipated quite readily. 
Since the arc is ruptured in a completely 
enclosed chute, it will be obvious that no 
large amount of gas is set free in the cell 
as would be the case in an open magnetic 
chute construction. Years of service have 
indicated that the gases expelled from the 
breaker have caused no interference with 
operation nor undue maintenance. In 
fact, the maintenance on these breakers 
has been reported as unusually low. 

We appreciate keenly Mr. ^ Spom’s re¬ 
marks and his interest in air circuit break¬ 
ers. The new De-ion air circuit breaker 
has performed well on tests and over ten 
years of field experience on larger breakers 
of higher kilovolt-ampere rating, on which 
numerous field tests were made, indicates 
that these breakers will perform well in 
service. It is to be noted that single-phase 
interrupting tests were referred to in the 
paper. We value these tests quite highly 
since in most instances the actual restored 
voltage on the single-pole unit was as 
much or greater than the line-to-line 
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Enclosed Low-Voltage "De-ion** 
Air Circuit Breaker of High 
Interrupting Capacity 

By JEROME SANDIN 

ASSOCIATE AIEE 


Synopsis: The demand for protection 
against fault currents up to 20,000 amperes 
at 250 volts d-c or 600 volts a-c has led to 
the development of air circuit br eak ers 
having the desirable features of the present 
line of enclosed air circuit breakers, but 
having higher interrupting capacity. Tests 
at 20,000 amperes on the circuit breaker of 
lower interrupting capacity showed that 
certain modifications were necessary. By 
increasing the gap between the contacts, 
by using contacts which resist welding, and 
by using a modified arc chamber and contact 
construction, it was found possible to make 
the breaker satisfactory for 20,000-ampere 
short circuits. 


Introduction 

A N INTERESTING type of enclosed 
i “De-ion” circuit breaker was devel¬ 
oped some years ago to meet the demands 
of industry for a protective device with 
desirable characteristics such as: 

1. Small size to permit the construction of 
safe, compact, and efficient panel boards, 
switchboard, and separate enclosures. 

2. Sufficient capacity to be operated re¬ 
peatedly without delay in a satisfactory 
manner under any condition to which it 
may be normally subjected. 

3. Time delay to permit temporary over¬ 
loads and instantaneous trip to remove short 
circuits instantly. 

4. Sufficient interrupting capacity. 

5. Safe to operate and free from fire hazard. 

6. Nontamperable. 

7. Easy to install and operate. 

8. Low in cost. 

This type of circuit breaker is made in 
frame sizes ranging from 50 to 600 am¬ 
peres at voltages up to 250 volts d-c and 
600 volts a-c and has a rupturing capacity 


voltage rating of the three-pole breaker. 
On many tests the generator was excited 
to more than 3,000 volts open circuit, single 
phase, on the 2,500-volt breaker and to 
6,000 volts on the 5,000-volt breaker. 

Replying to Mr. North's questions re¬ 
garding insulation and current-carrying 
capacity without getting into the com¬ 
mercial ratings of these breakers, we can 
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of 10,000 amperes. This construction 
includes a molded insulated housing, 
De-ion arc chambers, an operating mecha¬ 
nism, a removable automatic trip unit, 
an insulated operating handle, and end 
terminals. 

At the time these breakers were de¬ 
veloped, 10,000-ampere interrupting ca¬ 
pacity was considered ample to handle 
almost all of the industrial lighting and 
power circuits of 250 volts d-c or 600 
volts a-c. Since then, however, industry 
has been using increasingly larger blocks 
of electrical energy, thus making it more 
and more necessary to have similar com¬ 
pact circuit breakers to handle short cir¬ 
cuits of greater capacity. In order to 
meet this demand, the largest of these 
available breakers, namely the 600-am¬ 
pere frame size was chosen for test and 
modification. A short-circuit interrupt¬ 
ing capacity of 20,000 amperes at both 
250 volts d-c and 600 volts a-c was set as 
the goal for this development. 

The circuit breaker of higher interrupt¬ 
ing capacity is intended for installation 
in switchboards or separate steel boxes, 
and for the protection of lighting and 
power circuits of large buildings or in¬ 
dustrial plants where fault currents up to 
20,000 amperes must be opened. 

Paper number 39-86 recommended by tbe AIEE 
committee on protective devices and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted May 9, 
1938; made available for preprinting May 31,1938. 

Jbromb Sandin is associated with the Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa. Acknowledgment is made to Mr. 
L. R. Ludwig, Mr. G. G. Grissinger, and Mr. B. P. 
Baker for their valuable'contributions to this de¬ 
velopment. Much credit should go to Mr. B. P. 
Baker for carrying out the initial part of the de¬ 
velopment, and to Mr. L. R. Ludwig for his very 
material assistance in the preparation of the paper. 


merely state that this class of breakers for 
2,500- and 5,000-volt service are insulated 
to meet the AIEE requirements for 7,500- 
volt service and their short time ratings 
are compatible with their interrupting 
ratings at rated voltage. 

In closing, I wish to thank all those who 
have entered into this discussion for their 
interest and favorable remarks. 
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The original small size of the breaker 
was retained during the development. 
This was important since the size of the 
switchboards or the building space that 
must be set aside for them need not be 
increased. Further, most of the details 
of the breakers of the 10,000- and 20,000- 
ampere interrupting capacity are inter¬ 
changeable which from a manufacturing 
and cost standpoint is very desirable. 

Limitations of the 
Original Circuit Breaker 

The 600-ampere circuit breaker of 10,- 
000-ampere capacity is provided with 



Figure 1. Two- or three-pole, 600-ampere 
circuit breaker of either 10,000- or 20,000- 
ampere interrupting capacity 


silver main and secondary contacts, silver- 
tungsten (30 and 70 per cent proportion) 
arc contacts and arc chambers of the ra¬ 
dial field type which is described in detail 
under the subtitle “Arc Chambers.” 
Externally, both the original breaker and 
the finally developed breaker of high in¬ 
terrupting capacity, are alike. Figure 1 
illustrates either of them. Figure 2 is 
typical of this type of breaker construc¬ 
tion. 

Tests on the original circuit breaker at 
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20,000 amperes showed three limitations 
namely: 

1. The arc frequently re-established be¬ 
tween the moving and stationary contacts 
after it had traveled into the arc chamber 
away from the contacts, indicating that the 
distance between the contacts was too 
small. 

2. The silver main contacts of both sta¬ 
tionary and moving members welded to¬ 
gether occasionally when short circuited 
with the breaker initially closed, but they 
welded almost always when the breaker 
was closed on the short circuits. 

3. The arc chambers were of insufficient 
size to effectively vent and deionize the in¬ 
creased volume of ionized gas. 

Theories, Modifications, 
and Improvements 

Contact Separation 

A greater gap between the contacts in 
the open position is required on higher 
short-circuit currents because of the 
presence of a greater amount of ionized 
gas between the contacts when 20,000 
amperes is being interrupted. 

Increased distance between the arc 
contacts allows the use of a larger number 



Figure 2. Three-pole, 600-ampere circuit 
breaker with cover removed, of 20,000- 
ampere interrupting capacity. Final construc¬ 


tion 

of plates in the arc chamber, increases the 
resistance of the arc, increases the dis¬ 
charge of ions to the plates if a larger num¬ 
ber are used, and increases the neutrali¬ 
zation of the ions by recombination, all 
of which facilitates the deionization of the 
gas. 
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The separation between the' arc con¬ 
tacts was increased from X3 /xe inch to 
1 l /g inches, or about 40 per cent. Tests 
up to about 36,000 amperes proved that 
this spacing was adequate. 

Contacts 

Silver contacts are very acceptable 
for current-carrying purposes since they 
show only a relatively small increase in 
contact drop after continuous duty. 
However, they weld together easily when 
subjected to high currents because of 
either high contact drop caused by the 
lessening of the contact pressure by mag¬ 
netic forces, or by premature parting of 
the contacts before the mechanism is 
released by the trip unit and latch. To 
offset the effect of these magnetic forces 
it is necessary to increase the contact 
pressure by mechanical means or to pro¬ 
vide a curved flexible conductor which will 
exert magnetic forces in such a direction 
as to cause increased contact pressure 
with increased current. If welding can¬ 
not be wholly eliminated in these ways, 
it is necessary to use another contact 
metal which is more resistant to weld¬ 
ing. 

The first modifications to the breaker 
included greater contact pressure and a 
change of the contacts from silver against 
silver to silver against silver-tungsten 
of 60 and 40 per cent proportion, to pre¬ 
vent the welding together of the con¬ 
tacts. This combination was tested at 
20,000 amperes. The main contacts did 
not weld together when the short circuits 
were thrown on the breaker in the closed 
position, but welding occurred in about 
half of the tests when the breaker was 
closed on the short circuits. 

Silver tungsten normally increases the 
contact drop but this was partially offset 
by increasing the contact pressure. The 
contact drop remained approximately the 
same for the first four short circuits and 
then began increasing rapidly due to the 
burning of the contact material. 

A change in the main contacts from 
silver against silver-tungsten to silver- 
tungsten against silver-tungsten of 60 and 
40 per cent proportion was tried. This 
combination did not entirely eliminate 
the possibility of welding when the 
breaker was closed on 20,000-ampere 
short circuits but the percentage was re¬ 
duced. 

Main contacts made of silver-molyb¬ 
denum were tried in order to overcome 
the contact welding problem. The tests 
were highly satisfactory from this stand¬ 
point, for at no time did these contacts 
weld together on short circuit. The con¬ 
tact drop remained approximately the 
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same throughout the tests. These con¬ 
tacts also showed considerably less signs 
of burning away than did the silver-tung¬ 
sten contacts. However, silver-molyb¬ 
denum contacts were found to have a 
very decided drawback. The drop across 
these contacts increased appreciably in a 
few days due to the oxidation of the 
molybdenum. A number of breakers 
without current were exposed to an ordi¬ 
nary atmosphere from one to three weeks, 
and they were tested for contact drop 
from time to time. Some of these breakers 
were in closed position and others were 
in open position. The drop readings 
across these breakers were initially be¬ 
tween 12 and 18 millivolts at 250 am¬ 
peres d-c, and the final drop values varied 



Figure 3. Two- or three-pole, 600-ampere 
circuit breaker of either 10,000- or 20,000- 
ampere interrupting capacity with motor 
mechanism for electrical operation 

anywhere from 30 to 150 millivolts de¬ 
pending on the length of exposure. A 
breaker having a drop of about 50 milli¬ 
volts was tested with full-load current 
for about 48 hours continuously, but 
strangely there was no increase in contact 
drop during this time. It was decided 
to abandon the use of silver-molybdenum 
because of the appreciable increase in 
contact loss under ordinary atmospheric 
conditions. 

A contact construction was finally pro¬ 
duced which included the following 
changes; 

1. Silver-tungsten contacts of 30 and 70 per 
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cent proportion for all moving and station¬ 
ary members to positively prevent welding 
at 20,000 amperes or more, with either 
close-open or open-close-open breaker op¬ 
eration. The use of this alloy reduces the 
burning of the contact material to a mini¬ 
mum. 

2, Center contact members of the roll type 
which make contact at the heel or farthest 
point from the arc chamber when the breaker 
is closed and which roll to the toe or into 
the slot of the arc chamber while the breaker 
is opening. This center contact takes the 
place of the secondary and arc contacts of 
the old construction which derived their 



A-STATIONARY CONTACT MEMBER 
B-MOVING CONTACT MEMBER 
C-FLEXIBLE CONDUCTOR 

D,E,AND F- FLUX AT D AND E TEND TO FORCE ARC 
F IN DIRECTION G 

H-ARC HORN FACED WITH SILVER-TUNGSTEN TO 
REDUCE BURNING 
J - STEEL PLATES 
K-ARC SHIELDS 

F,G,AND L-FLUX L PULLS ARC F IN DIRECTION G 

Figure 4. Schematic diagram of stationary and 
moving arc contacts and arc chamber 


pressure from one spring. All of this spring 
pressure is now used for the one center con¬ 
tact thus giving less contact drop. 

3. An arcing horn at the end of the center 
moving contact, to elongate the arc and to 
more positively insure that the arc strikes 
all of the plates in the arc chamber. Facing 
the arcing horn with silver-tungsten (30 
and 70 per cent) reduced the burning of the 
horn considerably and thereby lessened the 
amount of gas. 

4. Moving and stationary contact mem¬ 
bers, consisting of two outside main con¬ 
tacts and one center arc contact, having 
a definite contact opening and closing se¬ 
quence to reduce the burning of the con¬ 
tact material and to positively insure the 
formation of the arc between the arc con¬ 
tacts and not between the main contacts. 
This contact sequence consists of the right- 
hand main contact parting ahead of the 
left-hand main contact which is followed by 
the parting of the arc contacts. Since the 
drop is approximately the same across each 
of these contacts, the resistance does hot 
rise too rapidly when the contacts are 
parting. 

5. The direction of the flow of current 
through the stationary conductor to the 
center contact was changed to assist forcing 
the arc into the arc chamber. The change 
in current direction produces a flux con¬ 
dition which exerts a force on the arc in the 
proper direction, as shown in figure 4. The 
old construction produced flux, which tended 
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to force the arc at one end away from the 
arc chamber. 

Short-circuit tests on breakers having 
these modifications show that contact 
welding has been entirely eliminated, that 
contact burning has been considerably 



Figure 5. Arc chamber of 20,000-ampere 
interrupting capacity 


reduced, that there is less outward dis¬ 
turbance, and that the rupturing capacity 
of the breaker has been considerably in¬ 
creased. 

Arc Chamber 

The arc chamber used during the early 
stages of this development is of the cold- 
cathode type which has a radial field for 
the purpose of spinning the arc to keep 
the electrodes cool. 

This arc chamber consists essentially of 
a series of copper plates, each fitted into 
and surrounded by a steel plate except 
for a V-shaped opening through which 
the arc contacts move. These plate 
assemblies are stacked one upon the 
other and insulated from each other by 
fiber. A flat coil is located at the center 
of the stack of plates and is connected to 
the two adjacent copper plates so that it 
is in series with the line after the arc is 
broken into a series of small arcs between 
the copper plates. The flat coil has a 
center steel core and produces a radial 
field from the core to the surrounding 
steel plates. 

In addition there is a one-turn coil 
which is connected to the stationary arc 
contact and to the line terminal so that 
the arc contacts and the coil are in series 
when the main contacts part. This coil 
energizes the iron surrounding the copper 
plates and causes the arc to be moved 
from its point of inception up into the 
narrow part of the V plates. From this 
point the arcs are under the influence of 
the radial field and are moved with a high 
velocity in an annular path formed by 
the insulation between the copper plates. 
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When alternating current is being in¬ 
terrupted, these series arcs continue to 
rotate until the current reaches its natu¬ 
ral zero value. The d-c arc is extin¬ 
guished as soon as the current is reduced to 
zero, which depends on the inductance of 
the circuit and the amount the arc volt¬ 
age exceeds the line voltage. 

The arc chamber as described above 
was enlarged by increasing the number 
of copper plates from nine to 12 in order 
to take care of the heavier short-circuit 
currents. These additional plates in¬ 
crease the plate area which helps to cool 
the hot gases and assist the process of 
deionization. Since the spacing between 
the plates remains unchanged, the ad¬ 
ditional plates will permit increased 
venting which will help to increase the 
interrupting capacity. 

The enlarged arc chamber was short- 
circuited at 20,000 amperes on both 250 
volts d-c and 600 volts a-c. It inter¬ 
rupted all of the short circuits it was 
subjected to. 

It was thought that by use of the plain- 
plate type of arc chamber, as shown by 
figure 5, the following advantages could be 
obtained at the higher short-circuit value. 

1. Better insulation between the line and 
load sides of the breaker in open position 
because of the elimination of the shunt 
which connects the top plate of the arc 
chamber of the radial field type to the load 
side of the breaker. 

2. Increased venting of the arc gases. 

3. Simpler construction. 

4. Better performance on direct current. 

The arc chamber of this plain-plate 
type consists of a series of V-slotted steel 
plates mounted between insulated sup¬ 
ports, and it is so placed that the slots of 
the steel plates extend over the arc con¬ 
tacts. The moving arc contact must 
pass through the slotted steel plates as it 
leaves the stationary arc contact. As this 
action takes place, the arc formed is mag¬ 
netically driven into the steel plates and 
is usually broken into a series of short 
arcs, depending on the amount of cur¬ 
rent and whether the current is alternat¬ 
ing or direct. 

The tests on the plain-plate type of 
arc chamber indicated increased venting, 
resulting in less back pressure and less 
burning of the contacts, better insulation 
between the line and load side of the 
breaker, more satisfactory performance 
on direct current, and less heating of the 
arc chamber which permits less interval 
of time between short circuits. As a re¬ 
sult of these tests, the plain-plate type of 
arc chamber was adopted for the heavy- 
duty breakers. 
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Tests on this arc chamber also indicated 
that an arc produced by small a-c short- 
circuit currents usually does not transfer 
to the steel plates and form short series 
arcs, but an arc produced by heavier a-c 
short-circuit currents or not too low d-c 
currents usually would transfer to the 
steel plates and form the short series 
arcs. The degree of venting at the top 
end of the steel plates determines largely 



Figure 6. Oscillogram showing a three- 
phase interruption at 36,000 amperes, 600 
volts, 60 cycles 


whether or not the arc transfers to the 
steel plates. Free venting encourages 
arc transfer. 

Deionization of the arc is effected either 
by the ions neutralizing their charges 
among themselves or by discharging into 
the electrodes. The current and voltage 
a given device can interrupt depends on 
the length of the arc, the material and 
size of the electrodes, the proximity of the 
walls or plates to the arc, the degree of 
venting, and number of series arcs which 
dete rmin e the number of positive-ion- 
spaced-charge sheaths in front of the 
cathode. Those who wish to learn of the 
fundamentals of arc phenomena should 
refer to previous articles 2 - 6 which treat 
this subject very thoroughly. 

When alternating current is being in¬ 
terrupted, the arc or the series arcs con¬ 
tinue until the current reaches its natural 
zero value. At this time the processes 
of deionization transform the conducting 
ionized gas into an insulating gas. This 
prevents the arc from re-establishing by 
preventing the line voltage from build¬ 
ing up current in the opposite direction. 
The a-c arc is extinguished at the end of 
the first half cyde. 

The arc motion ia[^''A sm far 
nating and direct ciirrent, alt hough the 

numbered references, sec list at end of 
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effect on the circuit and the way the arc 
is extinguished is quite different. For a 
given line voltage a much larger number 
of plates and much larger gap between 
the arc contacts must be used for direct 
current so that the total arc voltage is 
greater than the line voltage. This dif¬ 
ference between the arc voltage and the 
line voltage is necessary to cause the 
current to decrease to zero. 

Arc shields line both sides of the arc 
chamber to prevent the arc from burning 
or striking the lower sides of the sted 
plates. The burning of unprotected 
sides of sted plates tends to cause an ex¬ 
cess of gas. The striking of the unpro¬ 
tected sides by the arc occurs mainly on 
low d-c currents, and hinders the arc from 
rising to the end of the slot, thus causing 
prolonged arcing. 

The arc splitters are spaced to form 
three compartments directly above the 


Table I. Contact-Drop Data Taken After 
Short-Circuit Tests 


Amperes at 
600 Volts, 
60 Cycles, 

3 Phase 

Test 

Cycles 

Millivolts Drop at 

250 Amperes D-C 

Lett 

Pole 

Center 

Pole 

Right 

Pole 



..*7.4.. 

..*7.8.. 

..*6.8 

20 ,000... 

..O 




20 ,000... 

..CO.. 

.. 6.5.. 

.. 5.5.. 

.. 5.4 

20 ,000... 

..O 




20 ,000... 

..CO.. 

.. 7.5.. 

.. 7.2.. 

.. 6.5 

20 ,000,.. 

..O 




20 ,000... 

,.C0.. 

.. 6.2.. 

.. 6.6.. 

.. 7.1 

32,000... 

..O 




32,000... 

..CO.. 

..18.2.. 

.. 9.8., 

.13.5 


* Initial drop readings 


steel plates of each arc chamber to pre¬ 
vent reignition of the arc gas as it is 
vented from the plates. 

The arc formed between the arc con¬ 
tacts is acted upon by two forces, which 
tend to draw it away from the contacts 
into the sted plates of the arc chamber 
as shown by figure 4. They are namdy: 
the flux at D and K which is created by 
the direction of flow of the current 
through the arc contacts, and the mag¬ 
netic fidd produced in the steel plates. 

Description of the Final 
Developed Circuit Breaker 

The circuit breaker is built in an en- 
dosed insulating housing of two parts 
known as the base and cover. The parts 
are made from “Moldarta” of a com¬ 
position sdected to give proper mechani¬ 
cal strength, resistance to such heat as 
it may be subjected, and to resist warping 
and the absorption of moisture. Both 
base and cover are provided with deep 
ribs or walls to permit dose assembly of 
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the different poles and to give adequate 
strength. 

An operating handle made of Moldarta 
is provided to close, open, and reset the 
breakers. This handle moves in a 
shidded slot located near the center of 
the cover. Position indication is ob¬ 
tained from the operating handle. Upper 
position of the handle indicates the 
breaker is dosed, lower position of the 
handle indicates the breaker is opened, 
and mid-position of the handle indicates 
automatic tripping. 

Quick make and quick break are as¬ 
sured by means of an over-center spring 
toggle which prevents the possibility of 
slow closing. The breaker is trip-free 
from the handle at all times after the 
arc tips have made contact. 

All triggers and latches are made of 
rust-resisting nitride steel. All bearings 
are made of noncorrosive metal. 

Automatic overload tripping is ob¬ 
tained by means of a thermal release con¬ 
sisting of a heater, a bimetal part that 
changes its shape with change of tem¬ 
perature, and a trigger which is moved 
by the bimetal part to unlatch the breaker. 
Resulting time limits are sufficient to 
prevent interruptions due to overloads 
of short duration and still give full pro¬ 
tection against heating. 

Supplementing the thermal rdease, 
there is a one-turn electromagnet which 
trips the breaker instantaneously on cur¬ 
rents ranging from six to eight times the 
normal current rating. 

Both the thermal and magnetic releases 
are mounted on a base, together with a 
trip bar and trigger. This unit is called a 
trip unit and is made up in different cur¬ 
rent ratings. These trip units can be 
easily removed from the breaker, and are 
interchangeable which permits a change 
in current rating to be made after in¬ 
stallation. 

Figure 2 shows a final developed cir¬ 
cuit breaker with the cover removed. 
Figure 3 shows a complete circuit breaker 
of either 10,000- or 20,000-ampere inter¬ 
rupting capacity with a motor mecha¬ 
nism for electrical operation. 

The circuit breakers are rated at 70 to 
600 amperes, 250 volts d-c or 600 volts 
a-c, two-pole, and 70 to 600 amperes, 
600 volts a-c, three-pole. The breakers 

Table II. Weight and Size Data 


Connec- Weight _ *Q™->11 Size 
tion (Pounds) Width Length Depth 

Front.....53. 8 */* .22. 5 V * 

&***»,. 62......8 V «.. ... , 22 ...,. .** 117 * 

* Operating handle not included. 

** Rear-connected terminals included. 
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as shown are for rear connection only. 
By adding a gas by-pass at the top front 
end of the cover, the breaker can be used 
for front connection. The gas by-pass 
assists the venting of the gas around the 
terminals. The same molded main base 
and cover are used for both the two- and 
three-pole breakers. 

Since size was a very important factor 
in the development of this breaker, table 
II is given, listing the over-all size and 
weights of both the front- and rear-con¬ 
nected breaker units. 


Final Test Results 

Figure 6 illustrates the performance 
of the final breaker opening a short cir¬ 
cuit at 36,000 amperes, 600 volts, 60 
cycles, 3 phase. This particular breaker 
satisfactorily opened one open and CO 
short circuit at 20,000 amperes, one open 
and CO at 25,000 amperes, one open and 
CO at 26,000 amperes, and two open and 
CO short circuits at 36,000 amperes. 
The contacts and steel plates were burned 
but not excessively. 

A similar breaker was tested to deter¬ 
mine the effect of severe short circuits on 
the contact drop. Table I gives the 
short-circuit and contact-drop data. 
These data indicate that the contacts 
were still in excellent shape after six 
short circuits at 20,000 amperes. The 
increase in contact drop after the two 32,- 
000 ampere short circuits is not enough to 
cause overheating or to affect the thermal 
trip calibrations. 

Conclusion 


The circuit breaker, as finally de¬ 
veloped, is of a size which enables a com¬ 
pact and efficient switchboard construc¬ 
tion, has a considerable safety margin 
over the 20,000-ampere rupturing capac¬ 
ity, and permits interchangeability of a 
large number of detail parts with the cir¬ 
cuit breaker of the same normal rating 
but of 10,000 ampere rupturing capacity.. 
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Line-Type Lightning Arrester 
Performance Data 


T HIS REPORT presents character¬ 
istics of line-type arresters rated 20 
to 73 kv, and is a continuation of the 
previous subcommittee report on “Dis¬ 
tribution Lightning Arrester Performance 
Data” published in the AIEE Trans¬ 
actions, volume 56, 1937, pages 576-7. 

Data have been presented relating to 
the impulse characteristics of insulation 
both as used on lines and in stations. 
Data on the rates of voltage rise and 
current magnitude to be encountered by 
protective devices in the field are being 


of service conditions. While the test was 
empirically set up, the characteristics 
obtained can be compared with the in¬ 
sulation to show the margin of protec¬ 
tion afforded. 

The present standard requires an ap¬ 
plied impulse voltage rising at the rate 
of 100 kv per microsecond per 11.5 kv of 
rating in these voltage classes. In effect 
this results in an impulse sparkover of 
the arrester series gap in about 0.4 micro¬ 
second after the impulse voltage begins 
to rise. After the arrester begins to 


Tabic I. Line-Type Arrester Characteristics (20-73 Kv) 


Impedance Voltage; 


Arrester 

Rating 

(Kv)* 

Gap 

Breakdown 
(Crest Kv) 

Crest Kv When Discharging Currents of 

1500 Amperes 

3000 Amperes 

5000 Amperes 

(Max. 




.94 


... 75. 

. 69. 

.75. 

.78 

( 

52. 

. 55. 


. 63 


HR 

.104. 

. ...112 . 


25 ^ Ay? 

Qfi 

. 87. 

. 94. 

. 98 

1 TMTn 

A4 .... 

. 69. 

..75. 



ISO . ! 

...124. 


..142 


112 . 

.104. 

.. 112 . 


('Min 

7ft 

.83. 

.89. 

.94 


1 AQ. _ 

.155. 



OTJ A 

1S5 

.129. 

.140. 



Oft 

.103. 

. 112 . 


/ aw 

Iftft 

.168. 

.182. 

.190 

A A J A 

147 

.140. 

.151. 


f VTtn 

104. 

. 112 . 

........121 . 


v jyun....... 

t A/fav 

225. 

. 210 . 

.228. 


tt A J A . rA 

1 ft 0 

.175. 

.188....... 

.198 

ou Ave.. 

1$1 

.140. 

.150. 


i jYLin. 

t Th A* my 

257 . . 

.252. 


.286 

[ Max. 

fl A J A IfA 

217 

. 210 . 

.226. 

.238 

ou S Ave. 

157 

.168. 

.182. 

.190 

i jvun. 

/ TV/f o v* 

a 2 ft . 

.309. 


.348 

HO J A «VA 

255 

.258. 

.278. 


( Min. 

.195. 

.206. 

. 222 . 

.232 


Notes: Gap breakdown taken on rate of voltage rise of 100 kv per microsecond per ll.S kv of latin*. 
All test currents 10/20 wave. The 60<ycle sparkover potential of all arresters shown In this tabulation 
will not be less than 150 per cent of arrester rating. 

* These ratings are maximum permissible line-to-ground root-mean-square voltages. 


accumulated rather slowly. In order to 
have a basis for comparing arrester 
characteristics, a standard test was set 
up which indicates the arrester protec¬ 
tive characteristic which falls in the range 


Paper number 38-56, prepared by the lightning ar. 
rester subcommittee of the AIEE committee on pro¬ 
tective devices, recommended by the AIEE com¬ 
mittee on protective devices, and presented at the 
AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted Marc* 
25,1938; made available for preprinting May 9, 
1938. 


Personnel of AIEE lightning arrester subcommittee: 
f. R. Noith, chairman; H. W. Collins, J. M. Flani- 
reu, I. W. Gross, Herman Halperin, K. B. Mc- 
Sachron, J. R. McFarlin, A. M. Opsahl, A. H. Schir- 
ber, H. K. Sels, L. G. Smith, H. R. Stewart, J. J, 
[Torok, and H, L. Rorden. 


discharge the impulse current should rise 
to 1,500 amperes in ten microseconds and 
fall to half value in ten more microsec¬ 
onds. This current results in a voltage 
drop or impedance drop across the char¬ 
acteristic element of the arrester. As tlie 
impedance drop varies somewhat with 
current, characteristics also are pre¬ 
sented for currents of 3,000 amperes and 
5,000 amperes. 

The lightning-arrester manufacturers 
have furnished the data from which the 
average characteristic of available ar¬ 
resters are plotted and tabulated. Tol¬ 
erances are given to include the expected 
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Figure 1. Impulse spark-over voltages, line- Figured. Impedance drop at t ,500 amperes, F'S ur « 3. Average impedance drop, 1,500, 
type arrester line-type arresters 3,000, and 5,000 amperes, line-type ar¬ 

resters 


variation from the average for the in¬ 
dustry. 

The over-all characteristic of the light¬ 
ning arrester is usually given in the typical 


volt-time curve under specified condi¬ 
tions. The pertinent voltage magni¬ 
tudes only are given here in order to sim¬ 
plify the data. By a comparison of the 


typical volt-time arrester characteristic 
with the volt-time characteristic of the 
insulation to be protected, a logical evalua¬ 
tion of the protection can be made. 
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System Analysis for Petersen-Coil 
Application 

By W. C. CHAMPE 

MEMBER A!EE 


Synopsis: Careful analysis of the char¬ 
acteristics of a power system has been 
found to be necessary before applying 
Petersen coils to a system which has been 
operating either with the neutral isolated or 
grounded. In these two companion papers 
on Petersen coils, accent has been placed 
on the analysis of system characteristics in 
order to determine whether -or not the 
application of Petersen coils will be satis¬ 
factory. 


Introduction 

C ONSIDERABLE interest has re¬ 
cently been shown in this country 
in the application of resonant neutral 
grounding reactors, or Petersen coils, 
to medium- and high-voltage transmission 
systems for the purpose of extinguishing 
single line-to-ground faults without the 
operation of circuit breakers and before 
they spread to phase-to-phase or three- 
phase short circuits. Applications have 
been made of Petersen coils to existing 
systems, most of these having been sys¬ 
tems which were originally operated 
with the neutral isolated, since adequate 
relaying of single line-to-ground faults 
is ordinarily more difficult to obtain on 
an isolated-neutral system than on a 
grounded-neutral system. 

A Petersen coil usually consists of a 
tapped inductance with iron core, con- 

Paper number 38-63, recommended by the AIEE 
committee on protective devices and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted March 
21, 1938; made available for preprinting May 19, 
1938. 

W. C. Champe is electrical engineer in the division 
of engineering and construction of the City of 
Toledo, Ohio, and F. Von Voigtlander is em¬ 
ployed in the technical section, electrical engineer¬ 
ing department, Commonwealth and Southern 
Corporation, Jackson, Mich. These papers (parts 
I and II) are based on a study of Petersen-coil 
application and operation over a period of years, 
and the authors wish to express acknowledgment 
of the suggestions given by their associates, in 
particular to Mr. J. R. North for his encouragement 
and assistance. 


F. VON VOIGTLANDER 

MEMBER AIEE 


In this paper (part I) the general 
features of Petersen-coil application are 
considered, and the fundamentals of cal¬ 
culating coil characteristics are given. In 
the companion paper (part II) by F. Von 
Voigtlander, the methods of performing 
detailed calculations on system fault cur¬ 
rents, coil ratings, and voltages are given 
in an illustrative example, together with 
field tests to check design computations 
and performance of the equipment. 


nected between ground and the neutral 
point of a suitable transformer bank so 
that, in the case of an arc to ground of one 
conductor of the transmission system, 
the total reactive lagging current from the 
coils will be approximately equal to the 
residual charging current to ground of the 
system. The inductive reactance of 
the system, most of which will be in the 
Petersen coil or coils, will then be ap¬ 
proximately equal to the capacitive re¬ 
actance of the two unfaulted conductors 
to ground. If the coils are properly 
tuned, the fault current in a single phase- 
to-ground fault will be principally the 
in-phase component, which cannot be 
balanced out by the coils and ordinarily 
will be so low that the arc will be self¬ 
extinguishing. 

Effects on System Operation 

Following is an outline of the effects on 
system operation to be expected from the 
installation of Petersen coils as com¬ 
pared to isolated-neutral and grounded- 
neutral systems: 

Ground-Fault Current Magnitude 

1. On most grounded-neutral systems in 
this country, the ground-fault currents are 
quite large. 

2. On an isolated-neutral system, the cur¬ 
rent through a single line-to-ground fault 
depends upon the length of transmission 


lines, and with an extensive system is large 
enough to maintain an arc. 

3. On Petersen-coil systems, when properly 
tuned, the ground-fault current is reduced 
to a relatively small value, approximately 
the in-phase component of residual current. 
Damage to the equipment at the point of , 
fault, due to current, is therefore greatly 
reduced. More thorough consideration of 
current magnitudes is given in a later part 
of this paper. 

Ground-Fault Elimination 

1. On grounded-neutral systems, all types 
of ground faults ordinarily cause trip-outs. 

2. On all isolated-neutral systems, unless 
small in extent, single-phase faults to 
ground are not self-extinguishing. Since 
these faults are difficult to relay properly, 
they may continue until they become two- 
phase or three-phase faults and the section 
of line is relayed out. 

3. On a system to which Petersen coils 
can be successfully applied, practically all 
transitory single-phase faults are self-ex¬ 
tinguishing before developing into two- 
phase or three-phase faults. Relay opera¬ 
tions and interruptions to service, there¬ 
fore, should be much reduced by the in¬ 
stallation of Petersen coils on either a 
grounded-neutral or isolated-neutral system. 

Maximum Line-to-Ground Voltages 

1. Grounded-neutral systems in this 
country usually have sufficiently low values 
of neutral grounding resistance or reactance 
that the neutral at all parts of the system 
does not vary greatly from ground potential. 
Line-to-ground voltages on the unfaulted 
phases, therefore, do not increase greatly 
during fault conditions. 

2. On isolated-neutral systems, line-to- 
ground voltages on the unfaulted phases at 
the point of fault are approximately equal 
to line-to-line voltages, and at distant 
points may be 20 to 60 per cent greater. 
In some cases, this may result in a double 
line-to-ground fault. 

3. With one Petersen coil, overvoltages for 
faults at most locations would, be lower 
than on an isolated-neutral system, and 
equipment would be less likely to be dam¬ 
aged, since the fault duration would be re¬ 
duced. The installation of additional 
Petersen coils would reduce the overvolt¬ 
ages for faults at any location. Over¬ 
voltages are discussed in more detail in a 
later section. 

Lightning-Arrester Rating 

1. On a system having the neutral effec¬ 
tively grounded, these ratings can generally 
be approximately 80 per cent of the maxi¬ 
mum line-to-line voltage. 

2. On an isolated-neutral system, these 
ratings must be at least equal to line-to-line 
voltage. 
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Figure 1. Zero-sequence network, showing 
effect of one Petersen coil (a) and two Peter¬ 
sen coils (b) on the distribution of fault current 
due to a single line-to-ground fault 

Xl — Line series reactance 
X c — Line shunt capacitive reactance to 
ground 

X PT = Reactance of Petersen coil with as¬ 
sociated transformer (per-phase value 
of transformer reactance X T r plus 
three times the actual Petersen-coil 
reactance X P ) 

Xtr = Reactance of transformer used with 
Petersen coil 

X P = Actual Petersen-coil reactance O/s 
the per-phase value) 
lc ■* Charging current to ground 

Ip = Petersen-coil current 

Ir — Residual current 

F — Single line-to-ground fault 

E n — Volts, line to neutral 

These zero-sequence quantities are the usual 
values, per phase, based on three conductors 
in parallel, except the Petersen-coil reactance, 
which is actual reactance. Actual currents at 
point of fault and in Petersen coils are three 
times the zero-sequence current 


3. On a Petersen-coil system, these ratings 
cannot be appreciably lower than for ah 
isolated-neutral system, provided only one 


Effect on Communication Facilities 

1. With a grounded-neutral system, the 
fundamental-frequency induced voltage re¬ 
sulting from single line-to-ground faults 
may be excessive. 

2. On isolated-neutral systems, while the 
fundamental-frequency induction on all 
but very extensive systems is usually less 
than for grounded-neutral systems, noise- 
frequency induction may be severe due to 
the possibility of long-duration ground 
faults. 

3. An installation of Petersen coils usually 
reduces the effects on co mmuni cation facili¬ 
ties considerably, as the magnitudes of the 
current carried over the transmission lines 
during faults would in general be smaller 
For certain fault and exposure locations, 
the residual current in an exposure may be 
almost zero. The number of locations at 
which the residual current would be small 
increases as the number of Petersen-coil in¬ 
stallations on the system is increased This 
is especially important upon the occurrence 
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of a permanent fault, such as a conductor 
lying on the ground. The effect of addi¬ 
tional coils in reducing line currents is shown 
in figure 1. 

Shock to the System 

1. With a grounded-neutral system, a 
ground fault may result in a great shock due 
to the heavy current. 

2. With an isolated-neutral system, a 
ground fault may result in a large voltage 
shock. 

3. A properly designed Petersen-coil sys¬ 
tem results in very little shock to the sys¬ 
tem upon the occurrence of a ground fault. 

The principal advantages of Petersen 
coils, therefore, are seen to be the clear¬ 
ing of most ground faults without the 
operation of circuit breakers or interrup¬ 
tion to service, the reduction in damage 
at the point of fault and in effects on 
communication resulting from reduced 
fault currents, the reduced overvoltages 
as compared to an isolated-neutral sys¬ 
tem, and the reduced shock to the system 
caused by ground faults. 

In considering the installation of Peter¬ 
sen coils, the following limitations of the 
coils should be kept firmly in mind: 

1. They do not compensate for the in-phase 
component. 

2. They do not entirely prevent system 
overvoltages to ground from exceeding 
normal phase-to-phase voltages, but only 
lim it their extremes in magnitude and re¬ 
strict their duration. 

3. They require that all apparatus and 
equipment connected between line and 
ground be capable of sustaining overvolt¬ 
ages. 

4. They have no effect on phase-to-phase 
faults as such. 


Each of the above factors must defi¬ 
nitely be taken into account when con¬ 
sidering Petersen coils in order to deter¬ 
mine their efficacy. 

Zero-Sequence Capacitive 
Reactance and Residual 
Charging Current to Ground 

The first step in any calculations for 
applying Petersen coils is the deter¬ 
mination of the zero-sequence capacitive 
reactance of a short line section with one 
conductor grounded, neglecting the ef¬ 
fect of line series reactance. Methods 
of calculating this value on a per-phase- 
per-mile basis are given in several 
works. 3,6 

If the residual charging current to 
ground with one conductor grounded is 

3. For &11 numbered references, see list at end of 
paper. 


first obtained by test or otherwise, it 
may be expressed on a per-mile basis. 
For later use in combining with other net¬ 
work reactances, the zero-sequence ca¬ 
pacitive reactance to ground in ohms per 
phase should be obtained by dividing 
the volts to neutral by Va the charging 
current to ground in amperes. This 
charging current is the same as the 
charging current to ground from all three 
conductors connected in parallel and 
energized at line-to-neutral voltage. 
Roughly, its value for single-circuit lines 
of moderate or high voltage is 1.5 to 1.7 
times the per-phase value of normal 
three-phase balanced charging current 
of the line. This value does not include 
any in-phase component or the effect of 
line series reactance. 

Where double-circuit lines are involved, 
the value of residual charging current 
per mile per circuit must be reduced 
since the residual charging current to 
ground of one mile of double circuit line 
is considerably less than twice the value 
for one mile of single circuit line of equal 
spacing. 

The capacitive reactance to ground 
is influenced by a number of factors such 
as the effect of: the supporting poles, 
substation structures, and trees and 
shrubbery along the right of way, and 
variation in sag, etc. Although the 
value can be calculated quite accurately, 
as shown in part II, it is usually advisable 
to check these calculations by test for any 
particular system if there is any ques¬ 
tion about the accuracy of the funda¬ 
mental data. 

A few transpositions may be neces¬ 
sary in the transmission lines to prevent 
a residual voltage of considerable propor¬ 
tions being maintained on the system 
during normal conditions, with a conse¬ 
quent flow of current through the Peter¬ 
sen coil. 

In-Phase Component 
of Fault Current 

Petersen coils do not balance out the 
in-phase component of current in the 
arc caused by losses, such as corona loss, 
leakage over insulators, unbalanced cop¬ 
per losses, and Petersen coil losses, nor 
do they balance out the harmonic cur¬ 
rents in the arc. The in-phase com¬ 
ponent must be carefully checked to 
make sure that it will not be large enough 
to maintain the arc readily and prevent 
extinction by the Petersen coils. For¬ 
tunately, the arc will be self-extinguishing 
with a larger magnitude of in-phase com¬ 
ponent than of quadrature component of 
current, as the current and voltage will 
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Petersen coil is installed. With additional 5. They do not clear permanent ground 

Petersen coils, it may be possible to reduce faults, but help to mitigate their effect, 

these ratings somewhat. 




both go through zero at the same in¬ 
stant. 

The in-phase component varies con¬ 
siderably with weather conditions and is 
difficult to calculate accurately. Unless 
preliminary consideration shows that the 
value is small, it is desirable that tests 
be made on a power system to determine 
the magnitude of the in-phase component 
before Petersen coils are applied. It is 
also important to keep in mind that the 
magnitude of this component is generally 
reduced as the number of Petersen coils 
on the system is increased, as the current 
through the lines and the voltage distor¬ 
tion over the system would be reduced. 
An example of the magnitude of this com¬ 
ponent is shown in part II. 

Methods of compensating for the in- 
phase component have been developed, 
but the complications involved tend to 
make their use undesirable. 

System Voltages 

and Effect on Currents 

On an isolated-neutral system the 
voltages at the point of fault are dis¬ 
placed so that ground is at one comer of 
the voltage triangle, the delta (line-to 
line) voltages remaining approximately 
unchanged in magnitude. As locations 
distant from the point of fault are con¬ 
sidered, the voltage triangle shifts fur¬ 
ther away from ground due to the effect 
of charging and in-phase components of 
current being drawn over the series im¬ 
pedance of the line. The result is that 
voltage appears on the faulted conductor 
(voltage Z f G of figure 2c) f and the volt¬ 
age of the conductor ahead of the faulted 
conductor in time sequence has a volt¬ 
age to ground greater than the normal 
line-to-line value (voltage Y f G). If the 
transmission system is at all extensive, 
the effect of the series impedance is 
much more important than usually 
thought and may easily impress a volt¬ 
age between an unfaulted phase and 
ground of 120 to 150 per cent of normal 
line-to-line voltage. In extreme cases, a 
condition of resonance between capacitive 
reactance to ground and series reactance 
of the line may be obtained with one con¬ 
ductor grounded. 

The effect of series reactance is espe¬ 
cially important if a long section of small- 
conductor line connects two capaci¬ 
tance centers of the system. 

The reactance of a Petersen coil is 
not of a sufficiently low value to hold 
the neutral of the associated transformer 
at ground potential during a ground fault, 
and the system voltages are displaced to 
a condition approximating that oh an 


isolated neutral system. If there is 
only one Petersen coil on the system and 
the fault is near the coil, voltage and 
current conditions on the lines will be 
approximately the same as on an isolated- 
neutral system. This results in an in¬ 
crease in the total charging current and, 
therefore, increases the capacity re¬ 
quired in a Petersen coil. These effects 
can be reduced, however, by the in¬ 
stallation of additional coils, as the charg¬ 
ing current for any section of the system 
can then be balanced out by a nearby coil 
and large currents will not have to be 
drawn over the line impedance. 

On some systems, particularly those 
with small conductors and high voltages 
or at high altitudes, the increase in co- 
♦ rona current due to the increase in voltage 
at points distant from the ground fault 
may be an important factor in preventing 
the successful operation of the coil. 

Number of Coils Required 

As the fault location is moved in from 
the ends of the system toward a Petersen 
coil, the lagging current through the 
Petersen coil will increase appreciably; 
also the charging current of the system. 
If the Petersen coils are in tune for a fault 
at any one location on the system, they 
will be in tune for a fault at any other 
location, provided the system itself does 
not change by having lines switched on or 
off. This applies regardless of whether 
there is only one Petersen coil or several. 
As regards the number of grounding 
points, this is different than the applica¬ 
tion of grounding banks on grounded 
neutral systems, since then it may be 
necessary to place the banks dose enough 
together to give adequate current for 
relays, and more than one bank is al¬ 
most always required for directional selec¬ 
tivity. 

If the scheme is used of short-circuit¬ 
ing the coils in case the fault should con¬ 
tinue for an appreciable length of time, 
and tripping the faulted line out by 
ground relays, then at least two Petersen 
coils are frequently desirable. 

Two or more Petersen coils may also 
be desirable for other reasons. In case 
the transmission system is likely to be 
split so that sections would otherwise 
be without a Petersen coil, it may be 
desirable to install additional coils. in 
these sections. It will then usually be 
possible to set the coils on a reactance 
tap such that the coils will remain ap¬ 
proximately in tune even though the 
system is split apart, regardless of rela¬ 
tive size of the sections. This also 
avoids the possibility of considerable 


over-compensation from a coil in case it 
becomes separated from a large part of 
the system. 

As previously mentioned, the voltage 
distortion in a transmission system, 
magnitude of total charging current, and 
total capadty required in Petersen coils 
will be somewhat reduced by the installa¬ 
tion of additional coils and best results 
will be secured if they are located near the 
capacitance centers of the system. 

System Neutral Connection 

The transformer bank to which the 
Petersen coil is connected may be either 
a transformer which is used for the trans¬ 
mission of power or it may be a special 
transformer for the Petersen coil. The 
types of transformer connections which 
can be used are the same as those for 
system grounding; namely, wye-delta, 
zigzag auto, wye-wye-delta (for use 
also as power transformers in parallel 
with delta-delta connected banks), or 
transformers connected with one winding 
zigzag and the other winding delta (for 
operation in parallel with delta-delta 
transformers). 

One type, known as a “Bauch” or 
“Bauch-Quenching” transformer, com¬ 
bines the grounding transformer and 
the adjustable reactor. The grounding 
transformer is a wye-delta unit. The 
wye winding is connected to the line and 



Ixc 


(a) (b) (c) 

Figure 2. Effect of ground fault and charging 
current on system voltages, showing: (a) 
unfaulted line; (b) faulted line, phase Z, at 
point of fault; and (c) faulted line at point 
distant from fault 

XG, YG, ZG — Line-to-ground voltages 
XY, YZ, ZX =* Line-to-line voltages 
lyct Ixc * Charging current to 

ground (quadrature com¬ 
ponent) of unfaulted 
phases 

l CR = In-phase component of 

current to ground of un¬ 
faulted phases 

l T *= Total current to ground of 

unfaulted phases 

has its neutral solidly grounded. The 
reactor is connected across an opened 
corner of the delta winding and is tapped 
so as to be adjustable for proper tuning. 

A number of factors enter into the 
kilovolt-ampere rating of the transformer 
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used with a Petersen coil. If the trans¬ 
former is a special one used for the coil 
only, it may be of the same kilovolt¬ 
ampere and time rating as the coil. 
The time rating should generally be at 
least ten minutes and possibly even con¬ 
tinuous, depending upon the method 
used for isolating permanently grounded 
line sections. If the coil is to be short- 
circuited for relaying when a permanent 
fault occurs, the transformer should have 
adequate capacity to meet the grounding 
requirements of the transmission system. 
This will require at least four or five 
times the amperes capacity required for 
Petersen coil operation but the time rat¬ 
ing will be on a much shorter basis, usu¬ 
ally not over sixty seconds. The higher 
capacity but shorter time may therefore 
result in a transformer having a physical 
size not greatly different than the lower- 
capacity longer-time transformer required 
for Petersen-coil operation only without 
short-circuiting. 

Accessory Equipment 

Some means of protecting the coil 
from overload is necessary in case a 
line conductor becomes permanently 
grounded. The circuit to the coil can 
be opened, or the coil can be short- 
circuited to give ground relaying. Either 
circuit breakers or motor-operated air- 
break switches can be used for these pur¬ 
poses, and must be capable of withstand¬ 
ing at least line-to-neutral voltage be¬ 
tween contacts and between contacts and 
ground. 

If the Petersen coil is placed in the 
neutral of a transformer bank used for 
grounding purposes only, switching equip¬ 
ment in series with the coil can be omit¬ 
ted, but some means should be provided 
for disconnecting the transformer from 
the line or bus. At the lower voltages, 
fuses may be satisfactory, although there 
is an inherent difficulty in distinguishing 
between line faults (for which the fuses 
should not operate), and transformer 
failures (for which the fuses should 
operate). Use of a circuit breaker is 
highly desirable, but it is possible simply 
to use air-break switches to disconnect 
the transformer manually when neces¬ 
sary, and to treat transformer faults the 
same as bus faults. 

The Petersen coil ordinarily must be 
removed from service by one of the above 
means when tap changing is necessary. 
An alarm relay and graphic ammeter 
connected to a current transformer in 
the permanently grounded lead from the 
coil are desirable, in addition to relays 
for operating the switches to short cir¬ 


cuit or open the Petersen coil for per¬ 
manent faults. The current trans¬ 
former can have a comparatively low 
voltage rating. 

Preliminary Determination of Coil 

Impedance and Current Rating 

The fundamental factors which must 
be considered to determine the approxi¬ 
mate impedance and current rating of 
Petersen coils are given in the following 
outline. The detailed methods of cal¬ 
culation are shown in the example of 
part II. 

If the transmission system is not ex¬ 
tensive the coil or coils will have a large 
impedance in comparison with the series 
impedance of the transmission lines. In 
this case neither the Petersen-coil cur¬ 
rent nor the charging current will vary 
much with faults at different locations 
and the effect of line impedance can be 
neglected. With an extensive trans¬ 
mission system, the Petersen-coil im¬ 
pedance will become smaller and the 
series line impedance larger. The latter 
then becomes an important factor. 

The first step in calculating the coil 
ratings is to determine the value of zero- 
sequence capacitive reactance to ground 
for a short section of transmission line. 
The next step will depend upon the size 
of the transmission system to which the 
coils are to be applied. 

Com Rating— 

Short Transmission Systems 

For the most simple case, with one 
coil and a short transmission system, 
all the capacitive reactance can be con¬ 
sidered as lumped at the Petersen-coil 
location and the series reactance of the 
line need not be considered. Neglecting 
positive- and negative-sequence values 
for the preliminary calculations the in¬ 
ductive reactance of the coil with its 
associated transformer must equal the 
capacitive reactance of the transmission 
system to ground. 

From this value determined for the 
reactance of the Petersen coil with its 
associated transformer, the reactance of 
the transformer must be subtracted, and 
the difference divided by three to deter¬ 
mine the actual reactance of the Peter¬ 
sen coil itself. This division by three is 
necessary since per-phase values are or¬ 
dinarily used and the Petersen coil must 
carry the zero-phase-sequence current 
from all three conductors. The current 
rating is approximately equal to the total 
residual charging current to ground 
(determined as previously described) 
and the voltage rating is equal to the ac¬ 


tual Petersen coil ohms multiplied by 
this current. This voltage is slightly 
less than the normal line-to-neutral 
voltage of the system. 

In the zero-phase-sequence network, 
the three phases of the transformer and 
line are connected in parallel and line- 
to-neutral voltage applied between them 
and ground. The per-phase values are, 
therefore, different than the total values 
by the factor of three. It would be pos¬ 
sible in calculations of an approximate 
nature to use the total zero-sequence 
values, which with phase-to-neutral volt¬ 
age would give the actual coil reactance 
directly without the necessity of dividing 
by three. The use of per-phase react¬ 
ances on the other hand in conjunction 
with line-to-neutral volts gives the zero- 
sequence component of the fault current 
and this must be multiplied by three to 
get the total fault current. It is much 
better to use the per-pliase values, as the 
refinement of considering positive- and 
negative-sequence reactances can easily 
be added since they are always per phase. 

Coil Rating— 

Extensive Transmission Systems 

If line series reactance must be taken 
into account, the most simple case is a 
single transmission line with a Petersen 
coil at one end. If the line is not over 
about 100 miles in length, the capacitance 
can be considered lumped at the ends 
or in the middle (r or T line). If r lines 



Figure 3. Method of combining line series 
and shunt capacitive reactances to determine 
Petersen-coil reactance. The network is re¬ 
duced to that indicated at (c) and the actual 
Petersen-coil reactance is then determined by 
the equation shown 

Xci and X 02 are the zero-sequence capacitive 
reactances to ground for the two ends of the 
line, which are combined as indicated to de¬ 
termine Xct and Xa» See figure 1 for ex¬ 
planation of other symbols 

are used, half the capacitance is lumped 
at each end and expressed as a capacitive 
reactance. The capacitive reactance at 
the far end is then combined with the 
line series reactance (only zero-phase- 
sequence values being used for the ap¬ 
proximate solution) by subtracting one 
from the other to obtain an equivalent 
reactance at the Petersen-coil location. 
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(See transformation a to & of figure 3.) 
This value must then be combined with 
the capacitive reactance of the line as¬ 
sumed at the Petersen-coil end (react¬ 
ances in parallel) to give the equivalent 
total capacitive reactance at the coil 
location. (See transformation b to c, 
figure 3.) The rating of the coil is then 
obtained in the same manner as in the 
most simple case where no line series re¬ 
actance was considered, and is shown in 
the equation below part c of the figure. 

In case of a more extensive transmis¬ 
sion system, the line series reactances 
and lumped shunt capacitive reactances 
to ground of several short line sections 
(not over about 100 miles in length) are 
combined step by step in the same manner 
to obtain an equivalent total capacitive 
reactance for the system, referred to the 
Petersen-coil location or locations. 

Positive- and negative-sequence values 
can be included in the usual manner, al¬ 
though if there are transformers and 
generators supplying power at different 


Introduction 

I N PART I of this paper entitled 
“Operating Features and Basic Cal¬ 
culations,” by W. C. Champe, a dis¬ 
cussion of the application of Petersen 
coils to power systems for the purpose of 
improving service through the preven¬ 
tion of outages and interruptions due to 
ground faults is presented. It is the 
purpose of part II of this paper to pre¬ 
sent in some detail the method of com¬ 
putation and analysis for the prediction 
of the behavior of a power system under 
the condition of single line-to-ground 
fault with the neutral of the system 
grounded through a resonant neutral 
grounding reactor or Petersen coil. 

For purposes of discussion, a repre¬ 
sentative type of power system to which a 
Petersen coil could be successfully ap¬ 
plied is set up and the solution of the re¬ 
quired range of reactance and rating 
of the coil together with resultant ground- 
fault currents in various branches of the 
system is presented for two different 
conditions of system operation. On the 
basis of the most severe single line-to- 
ground fault conditions, with the coil 
applied to the system, the voltages ap¬ 
pearing between the phase conductors 
and ground at the fault and at a sta¬ 
tion remote from the fault are calculated. 
To demonstrate the effectiveness of the 
Petersen coil, results of computations 
are also given for the fault currents and 


points of the system, the positive- and 
negative-sequence values usually win be 
sufficiently low in comparison with the 
zero-sequence values that they need not 
be considered in preliminary calculations. 

Other Factors in Rating 

To provide for proper tuning when a 
section of the transmission system has 
been switched off, additional reactance is 
required in the coil and may be of a 
lower current rating. This additional 
reactance must be sufficient to give tun¬ 
ing for the minimum transmission sys¬ 
tem expected, or down to an arc current 
value sufficiently low that the arc will be 
self-extinguishing even though the charg¬ 
ing current is not entirely balanced out by 
the coil current. 

The questions of tap steps, tap changers 
and operating mechanisms, coil insulation 
and protection against surge voltages, 
and other design factors have been covered 
in a recent Institute paper by Mr. E. M. 
Hunter. 1 


voltages which the system would experi¬ 
ence with the neutral totally isolated. 
The relative accuracy of the computa¬ 
tions and permissible approximations 
are discussed and an outline of field tests 
to corroborate design computations and 
to later check the performance of the 
Petersen coil after installation is pre¬ 
sented. 

In the consideration of the applica¬ 
tion of Petersen coils to a power system, 
it is assumed here that operating records 
on the system under consideration have 
shown that a sufficiently large number of 
service interruptions due to transitory 
ground faults have been experienced to 
warrant the expense of the application of 
Petersen coils to reduce troubles from 
this cause. If, for example, 75 per cent 
of all outages were due to transitory 
ground faults, a Petersen-coil installa¬ 
tion which was, say, only 50 per cent 
effective, would still provide considerable 
relief. However, if only 25 per cent of all 
outages were due to transitory ground 
faults, the coil installation would have to 
be much more effective to be justified. 

It is of importance, therefore, to care¬ 
fully analyze the performance of the 
power system to determine in advance 
the range of ground fault currents, the 
relative importance of the in-phase com¬ 
ponents, and the range of dynamic volt¬ 
ages to ground that may reasonably be 
expected in operation. These data will 
serve not only as a basis for the design 


of the coils, but also to evaluate the 
probable effectiveness of their installa¬ 
tion. 

Analysis of a Simple Radial System 
of Moderate Capacity and Voltage 

A general type of isolated-neutral 
power system has been taken for con¬ 
sideration, consisting of a simple radial 
network of moderate capacity and volt¬ 
age, with lines of ordinary wood-pole 
construction without ground wires and 
with the conductors sufficiently trans¬ 
posed to keep the normal residual volt¬ 
age within reasonable limits. This sys¬ 
tem has been selected as an example of a 
type to which a Petersen coil can be 
applied with reasonable assurance of 
satisfactory results with the possible 
exception of complete reduction of system 
overvoltages. 

This system shown in figure 1 consists 
of 33-kv single-circuit, three-phase, 60- 
cycle lines using wood-pole construction 
of uniform configuration with number 
1/0 copper conductors throughout. The 
system is supplied by three 1,500-kva 
generators through a 4,500-kva step-up 
transformer bank supplying a number of 
delta-connected transformers along 210 
miles of line. All transformers are as¬ 
sumed to be of the two-winding type, 
delta-delta connected, except at the gen¬ 
erating station, which is delta on the 
generator side but wye on the 33-kv side. 

Since the conductors are of reasonable 
size and the voltage is moderate, corona 
is no factor and can be eliminated from 
consideration. Resistance of the con¬ 
ductors could well enough be neglected 
except that the in-phase component of 
fault current and line-to-ground voltages 
are to be computed. It would be ex¬ 
pected, however, that the in-phase com¬ 
ponents of ground-fault current would 
be too small to sustain the ground-fault 
arc. The Petersen coil, therefore, would 
be quite effective in arc extinction if 
located at any point on this system, but 
to obtain the maximum effectiveness, par¬ 
ticularly in the reduction of system line- 
to-ground overvoltages for ground faults 
at all locations, the coil should be located 
at the capacitance center of the system, 
which in this case would be at station B. 
However, practical considerations would 
probably dictate the location of the coil 
at the generating station A, where a 
neutral connection of adequate capacity 
is already available, though in this loca¬ 
tion the coil would have but limited effect 
in the reduction of system overvoltages 
for ground faults at or near the generating 
station. 
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Using symmetrical components, the 
system is divided into its component posi¬ 
tive-, negative-, and zero-phase-sequence 
networks. The impedances of the 
generators and the transformer bank are 
known from manufacturer’s data which 
are reduced to ohms on the co mm on volt¬ 
age base in the normal manner. The 
electrical characteristics of the trans¬ 
mission lines can be conveniently deter¬ 
mined by reference to the tables and curves 
of Engineering Report No. 37 of the 
Joint Subcommittee. 8 If test data are 
not available, earth resistivity may be 
approximated from the data given in an 
AIEE paper by R. H. Card. 4 Whenever 
possible, test data in the vicinity of the 
system being studied should be used, as 
earth resistivity may vaty quite widely 
over comparatively small geographical 
areas and so result in considerable varia¬ 
tion in the zero-phase-sequence imped¬ 
ance of the lines. It will be taken here as 
50 meter-ohms, a reasonable value for 
example, in the Great Lakes region. Us¬ 
ing the formulas given in tables 2 and 
5 and the curves of figures 14, 15, and 
16 of Report No. 37, the positive-, nega¬ 
tive-, and zero-phase-sequence imped¬ 
ances and admittances of the lines are 
found as shown in the appendix hereto. 

Petersen-Coil Computations 

Having set up the component net¬ 
works, a fault location for worst condi¬ 
tions should be chosen. In this case, the 
worst location for a ground fault would 
be at the generating station A, as this 
would give the greatest residual current 
in the system, would require the maxi¬ 
mum current and minimum impedance 
in the Petersen coil at A, and would 
result in rnaximum voltages to ground 
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on the system, these voltages appearing 
at station D. It is of interest to note 
that the behavior of this system under 
these conditions is essentially that of an 
isolated-neutral system with the excep¬ 
tion that only the in-phase components 
of current appear in the fault and in the 
positive- and negative-phase-sequence 
networks. 

The required reactance of the Peter¬ 
sen coil can be found directly from the 
zero-sequence impedance of the system 
since under fault conditions, the coil is in 
parallel with this impedance and it is de¬ 
sired to make the reactance of the coil 
equal in magnitude to the quadrature 
component of the system zero-sequence 
impedance, but of opposite sign. When 
the value of the coil reactance is estab¬ 
lished, the resultant currents in the fault 
and in the coil and the component net¬ 
works can readily be found. The results 
of these computations carried out in the 
appendix hereto are summarized in 
table I. To demonstrate the effective¬ 
ness of the Petersen coil the values ob¬ 
tained for the neutral totally isolated are 
also shown. 

The required range of the Petersen 
coil is now established as 559 to 812 ohms 
with a capacity of 34 to 23 amperes, 
respectively. To provide for system 
growth, changes in operating conditions, 
and a reasonable factor of safety, this 
range of values would be extended some¬ 
what both above and below these limits, 
as necessitated by local requirements. 
Since the coil would be required to fur¬ 
nish its rated current only for the dura¬ 
tion of the fault, the basis for its time 
rating would depend largely on local 
methods for clearing permanent ground 
faults. Time ratings of either ten min¬ 
utes, 30 minutes, or continuous are usu¬ 
ally specified. 

It is of interest to consider whether 
retuning the Petersen coil is likely to be 
essential if the branch B-C, which con¬ 
stitutes 28 per cent of the entire system 
line mileage, is switched off when the 
coil is tuned for the complete system. 
With the coil tuned for the complete sys¬ 


tem, the neutral impedance is +J1,691 
ohms. With the section B-C switched 
off, the system zero sequence imped¬ 
ance becomes 43 —J2,450 ohms. The coil 
tuned for the complete system would 
then overcompensate the remaining lines, 
and a lagging current of 0.39—J10.3 am¬ 
peres would appear in the fault. How¬ 
ever, even though the coil were not re¬ 
tuned, it would still effect a 57 per cent 
reduction in fault current and would 
probably result in fairly effective arc 
extinguishing for the majority of faults 
though, of course, satisfactory perform¬ 
ance without retuning could be confirmed 
only by experience. 

System Voltages to Ground 

For this assumed system the Petersen 
coil located at the generating station 
would be very effective in the reduction 
of ground fault currents to such low 
values that the arcs would be self-ex¬ 
tinguishing. It is therefore of interest to 
note the dynamic voltages to ground 
which may be expected to appear on the 
conductors for single line-to-ground faults 
on the system. Precise ‘computation of 
these voltages is beyond the scope of this 
paper, but reasonably accurate results 
for most practical cases can be obtained 
by applying symmetrical components in 
the usual manner, neglecting the effects 
of the load and balanced currents, but 
including circuit resistances. 

Solving for the sequence currents and 
their distribution in the complete sys¬ 
tem including the Petersen coil, assuming 
the fault to ground on phase Z at station 
A as before, the voltage drops in the 
sequence networks can be computed to 
the point where the system voltages are 
desired. The resistive components have 
been included to demonstrate the differ¬ 
ence in voltages to ground of the non- 
faulted phases at points remote from the 
fault, caused by the introduction of the 
quadrature component of zero-sequence 
voltage. 

The results of these voltage computa¬ 
tions as carried out in the appendix here¬ 
to are given in table II. The values for 


Table I. System Impedances and Fault Currents 



Complete System 

Section B-C Switched Off 

Petersen Coil 

Neutral Isolated 

Petersen Coil 

Neutral Isolated 

Positive-phase-sequence impedance 
(ohms).. 

. - -f- VKfi g 




Negative-phase-sequence impedance 
(ohms).... 

. . 4 -UA K 

• • • H >50.8 ..., 

+>50.8 

Zero-phase-sequence impedance 
(ohms)....____ 

57 9oq 

+>44.5- 


... +>44.6 

Total equivalent impedance (ohms).. 
Ground fault current (amperes) 
Petersen-coil current (amperes). .. 
Petersen-eoil impedance (ohms). 

• • 57,900.*. 

•• 0.99 ... 

• • ->33.8. 

.. +>559. 

.. .49 -*>1,690 .... 
• • .49 - >1,695 
...1.11 +>35.8_ 

.... 139,700 ... 
....139,700 ... 
.... 0.41 ... 

.... ->23.4 
.+>812 

...43 ->2,450 
...43 ->2,355 
...0.44 +>24.3 
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the neutral totally isolated are also shown 
for comparison. 

Figure 2 shows the vector relations of 
the system voltages at station A (the lo¬ 
cation of the fault) and at station D 
(remote from the fault). The ground 
fault is on phase Z so that its potential 
at the fault is reduced to ground poten¬ 
tial or zero. The voltages of phases X 
and Y to ground then become equal to 
the Hne-to-line voltages. At station D, 
150 miles away, the line-to-line voltage 
triangle X r Y'Z' is equal to and in phase 
with the line-to-line voltage triangle XYZ 
(load and balanced components having 
been neglected), but X'Y'Z ' in this case 
has been displaced upwardly and to the 
right. At station A, the line-to-line- 
and line-to-ground-voltage triangles coin¬ 
cide. At station D the line-to-line-volt- 
age triangle X'Y'Z' is displaced from the 
line-to-ground voltage triangle X' Y'G due 
to the rise and line-angle shift of zero- 
sequence voltage progressing along the 
line from the fault, so that the magnitudes 
of the voltages to ground at D no longer 
equal those at A. 

These voltages given in table II axe the 
dynamic voltages to ground sustained 
by the system for the duration of the 
fault. Coincident with the fault, tests 
have shown that voltage transients of the 
order of 100 kv crest may also be experi¬ 
enced. These voltages, both dynamic 
and transient, are not the result of the 
operation of the properly engineered 
modern Petersen coil, but are an attribute 
of operation with a flexible neutral. 

The effect of the Petersen coil in re¬ 
ducing the dynamic voltages which may 
be experienced during ground faults de¬ 
serves note, as by means of the coil these 
voltages may be limited to values safely 
within the ratings of equipment connected 
from line-to-ground, which otherwise 
might be damaged. 

The voltages as computed for this sys¬ 
tem represent the maximum range of dy¬ 
namic voltages that might be expected 
because the fault has been placed at the 
Petersen coil which is at one end of the 
system so that in this case it has had but 
limited effect in the reduction of system 
overvoltages. If a fault location had 
been chosen elsewhere on the 33-kv sys¬ 
tem, a greater reduction in these over¬ 
voltages would have been effected. The 


maximum reduction would be experienced 
for faults at station D f as the lagging reac¬ 
tive current from the Petersen coil would 
then flow out onto the system to balance 
the leading capacitance current from the 
lines and thereby reduce the capacitance 
current flowing through the system series 
impedance. If Petersen coils were lo¬ 
cated, for example, at both stations A and 
D, dynamic overvoltages to ground on 
this system would be eliminated, that is, 
they would be reduced to line-to-line 
voltages when one phase was grounded. 

Accuracy of Computations 

In making calculations of power-system 
fault currents and voltages, the question 
naturally arises as to what accuracy can 
reasonably be expected of the results. 
With the modem methods of computation 
and with convenient and accurate means 
available for calculating system imped¬ 
ance characteristics, it will generally be 
found that the greatest unknowns in the 
computations are the effects of the various 
empirical factors upon the system ad¬ 
mittance to ground, earth resistivity, and 
the effects of harmonics. 

Tests on a number of systems over 
quite a range of voltages and configura¬ 
tions have shown the measured values of 
admittances of short sections of line 
to be consistently greater than the cal¬ 
culated values. In the author’s experi¬ 
ence, these differences on well-main¬ 
tained systems where complete data is 
available and where corona is no factor, 
have been found to uniformly approxi¬ 
mate ten per cent. Where test data are 
not available, the calculated values of 
unit admittance may be increased by 
this amount with resultant improvement 
in accuracy. On high-voltage systems 
where corona is a factor, the calculation 
of the system admittance is complicated 
by the necessity for evaluating the ca¬ 
pacitance-shunting resistance equivalent 
of the corona loss, which itself is subject 
to considerable variation, and by the 
direct effect of corona on the system ca¬ 
pacitance. In making computations in 
which corona must be considered/ it is 
well to bear in mind also that the corona 
loss of a system with one conductor 
grounded is considerably greater than 
the balanced corona, as has been dis¬ 



Figure 2. Voltage diagram 

cussed in various articles on this subject. 

If test data are available on the earth 
resistivity in the territory of the system, 
the errors due to this factor can be largely 
eliminated. Where no test data are 
available, but reasonably accurate esti¬ 
mates can be made, resulting errors in 
computing zero-sequence impedance may 
be of the order of ten per cent to 30 per 
cent. In extreme cases of unsuspected 
high earth resistivity though, these errors 
may be greater. However, large errors in 
zero-sequence impedance will generally 
not result in proportional errors in fault- 
current computation because the imped¬ 
ance is usually a smaller factor than the 
admittance. 

All computations involving residual 
current are subject to errors due to the 
effects of harmonics in that current. 
Errors in results due to these harmonics 
do not usually in practice become as 
serious as might be expected. However, 
the possibility of the system being reso¬ 
nant to certain harmonics should not be 
overlooked, as this can be predicted fairly 
well from the impedance characteristics 
of the system. 

Tests have shown that when all per¬ 
tinent factors have been taken into ac¬ 
count and reasonably accurate basic data 
are available, the ground fault currents 
and voltages can be calculated to within 
less than ten per cent of their measured 
values. The in-phase component of 
system fault currents, however, is sub¬ 
ject to considerably greater error, be¬ 
cause it is usually a small portion of the 
total current and is displaced from it by 
approximately 90 degrees, and because of 
the difficulty of accurately evaluating 
leakage and corona. 

Permissible Approximations 

In any more or less extended analysis 
of this sort it is, of course, desirable to 
make such approximations and simplifica¬ 
tions as may be made without introduc¬ 
ing errors inconsistent with the expected 
accuracy of the computation. For in- 
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Table II. Voltages to Ground for Complete System 



Phase X 

phase Y 

Phase Z 


... .33,000.... 

..33,000....... 

... 0 

Neutral isolated.. ., 
At station D (remote from fault)., Petersen coil...,.,. 

Neutral isolated., 

....,34,500.... 

...... ..34^500. 

... 0 

..,,35,000...; 

.....36,500. 

35,800........ 

...2,780 

...2,880 
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stance, in the example under considera¬ 
tion, hyperbolic correction factors could 
have been applied to the distributed con¬ 
stants of the system with the resultant 
difference of about 1 per cent in the value 
of system characteristics from that com¬ 
puted by the more approximate methods 
of lumping the characteristics into the 
three sections. It is therefore seen that 
while the additional labor of employing 
hyperbolic functions in such a simple 
system would be entirely unwarranted, 
in an extensive system, it might easily be 
justified, particularly if the effects of loads 
and balanced currents were to be con¬ 
sidered. 

As shown in table I, the magnitude of 
fault current is but very slightly affected 
by the resistances in this system and ob¬ 
viously for calculations in which it was 
not necessary to determine the in-phase 
component, the resistances could easily 
be neglected. However for example, if 
the conductors had a high resistance-to- 
reactance ratio, or if considerable corona 
was present, the resistance might easily 
have become an important factor. 

There is always the danger of one at¬ 
tempting to apply the results of approxi¬ 
mation in simple cases to complex cases 
where such approximations may lead to 
great error. It is, therefore, always ad¬ 
visable to carefully consider the system 
involved and to observe the relative 
magnitudes of the various factors which 
it is proposed to neglect. Approxima¬ 
tions, particularly of the rule-of-thumb 
type, frequently serve to magnify the 
errors, especially on large and extensive 
systems, to a point where the computa¬ 
tions may be of little value. Consider¬ 
able experience has shown it advisable to 
set up the component phase sequence net¬ 
works completely so that the relative 
magnitudes of the various factors become 
apparent before attempting to resort to 
approximations. 

In spite of the various doubtful factors 
which may come into computations of 
this sort, the results obtained when based 
on reasonably accurate system data and 
on well-considered choice of intangible 



factors, will amply bear out and justify 
the efforts put into the work. Although a 
plus or minus ten per cent error may seem 
large compared to the accuracy of many 
other electrical computations, this error 
becomes small when compared to the 
error that results from attempting to 
design a Petersen-coil system without 
making these detailed calculations. 

Field Tests to 

Corroborate Design Computation 

Since the installation of a Petersen 
coil generally involves an appreciable 
investment, if there is much doubt about 
the accuracy of the power-system data 
earth resistivity, etc., field tests to check 
the results of calculations are easily justi¬ 
fied. Before making any tests, however, 
complete computations should be made 
in advance, based on the best data ob¬ 
tainable, so that some approximation of 
the range of expected results can be ob¬ 
tained. By the use of a transformer of 
the required reactance and rating, a 
Petersen coil can be simulated if a neu¬ 
tral connection can be made available so 
that the tests can be made under condi¬ 
tions closely approximating expected 
operating conditions. 

Figure 3 shows a schematic diagram of 
test connections for tuning a system to 
resonance with the neutral reactance. 
Tuning can be accomplished either by 
varying the reactance in the neutral or by 
varying the system admittance by switch¬ 
ing lines on or off the system as required. 

Figure 4 shows schematic diagrams for 
making the necessary simultaneous surge- 
recorder, oscillograph and indicating- 
instrument measurements of neutral volt¬ 
age displacement, neutral current, fault 



Figure 4. Diagram of system ground-fault 
test connections 


current, phase angle between fault current 
and residual voltage, phase-to-phase volt¬ 
ages, phase-to-ground voltages, residual 
voltages, and transients during the time 
of the application of solid ground faults 
and ground fault arcs at the proposed 
Petersen-coil location (station A) and at 
the remote point of the system (station 
D). 

From the results of such tests as out¬ 
lined, sufficient data can be made avail¬ 
able to accurately establish the system’s 
electrical ground-fault characteristics so 
that the computations can be checked. 
During the ground-fault tests, simul¬ 
taneous observations may be made on 
neighboring communication circuits and 
factors such as mutual coupling and earth 
resistivity may be determined. 

Field Tests to Check 
Petersen-Coil Performance 

Field tests to check performance of the 
installation after the Petersen coil has 
been designed, manufactured, and in¬ 
stalled on the system are essential to 
check the performance of the coil and the 
system under the various operating condi¬ 
tions likely to be encountered. The setup 
for these tests would be quite similar to 
the setup for tests to determine the sys¬ 
tem’s electrical characteristics as out¬ 
lined in figures 3 and 4. The tests 
would be carried on in quite a similar 
manner with the possible addition of 
tests at various other locations and under 
perhaps a wider range of operating condi¬ 
tions. If any form of automatic clearing 
of permanent ground faults has been in¬ 
stalled, the functioning of such equip¬ 
ment should also be observed and checked 
by test. 

Tests with the coil tuned for the entire 
system but with parts of the system 
switched off should also be made to deter¬ 
mine the necessity for precise tuning 
and to determine the stability of arcs of 
various current values on the system. 
In addition, tests can be made of bushing- 
type current-transformer ratios, effec¬ 
tiveness of relays, effectiveness of light¬ 
ning arresters, rod gaps, protector tubes, 
etc., so that a large amount of very useful 
data can be obtained on the character¬ 
istics of the system during abnormal op¬ 
erating conditions. 

W.th the system in reasonably good 
operating condition all the tests as out¬ 
lined should be carried on without ad¬ 
versely affecting service on the system 
during the time of the tests. Since only 
single-phase ground faults are involved, 
barring equipment failures such as 
lightning-arrester failures, bushing flash- 
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overs, and similar failures, which are 
commonly experienced on isolated-neutral 
systems during conditions of single line- 
to-ground faults, no appreciable effect 
on the phase-to-phase voltages will ordi¬ 
narily be noticed. 

Conclusions 

1. Petersen coils have a d efini te field of 
application in improving the performance 
reliability of a transmission system. How¬ 
ever, there are many factors which need 
to be considered in determining their prob¬ 
able effectiveness in a given installation, 
including: 

(o). The relative number of transitory single line- 
to-ground faults vs. faults from all causes. 

(6). Magnitude of the in-phase component of fault 
current. 

(c). Overvoltages to ground that may occur with 
faults at different locations. 

2. The electrical circuit characteristics 
of the system during line-to-ground faults 
must be determined to properly ascertain 
the coil characteristics. These can be 
calculated reasonably accurately and sub¬ 
stantiated by test. 

3. The layout of the system has an im¬ 
portant effect on the voltage and current 
conditions during ground faults. This is 
especially true if a long section of small 
conductor line connects two large capaci¬ 
tance centers of the system. 

4. Dynamic overvoltages to ground con¬ 
siderably in excess of line-to-line voltages 
may be experienced during single line-to- 
ground faults even though the system is 
equipped with a properly tuned Petersen 
coil. 

5. The ground-fault characteristics of a 
system both before and after the installa¬ 
tion of Petersen coils may be confirmed by 
relatively simple tests which need not 
interfere with normal operating conditions. 
These tests should include measurements 
of earth resistivity, overvoltages, effective¬ 
ness of protective equipment, effect on 
paralleling communication systems, etc. 


The zero-sequence line admittance may 
be determined from table 5 and figure 14 
of Engineering Report No. 37 of the Joint 
Subcommittee. 3 With line conductors as 
above at 28 feet average height: 



= 0.00683 microfarad per mile, zero- 
sequence capacitance 
= — j*388,000 ohms per mile, shunt im¬ 
pedance or +j2.57 X 10 -6 mhos 
per mile, shunt admittance 

Zero-sequence network is as shown in 
figure 7 and reduces to Zo = 49 — 7*1,690 
ohms. 

Petersen-Coil Computations 

Complete System 

Admittance corresponding to above zero- 
sequence impedance is F 0 =(17.3 +7*591) X 
10 *~ 6 mho. 

Neutral admittance should then — Yp? 
= —7*591 X 10 -e mho or X p t -* +7*1,691.5 
ohms. 

Petersen-coil reactance (Xp) = 
VaC Xpt — Xtr) " Vi (+7*1,691.5 — J14.5) 
= +7*559 ohms. 

The zero-sequence impedance of the sys¬ 
tem including the Petersen coil then re¬ 
duces to 57,900 ohms and the fault current 
becomes 

_ 33,000\/g 

f 57,900 + jB0.8 + jU.5 

Neglecting the 7* terms as insignificant, 

If = 0.99 ampere 

The current in the coil then is found to be 
—7*33.8 amperes and the current in the 
zero-sequence network becomes 0.33 + 
7*11.27 amperes. 

Section B-C Switched Off 

With section B-C switched off the zero- 
sequence network becomes as shown in 
figure 8 which reduces to 



Figure 5, Positive- Figure 6. Negative- 

phase-sequence net- phase-sequence net¬ 
work work 



Figure 7. Zero-phase-sequence network for 
complete system 



Figure 8. Zero-phase-sequence network with 
line section EUC switched off 


Computation of Voltages 

From the coil computations the current 
in the zero-sequence network is found to 
be 0.33 + jll.27 amperes. Current dis¬ 
tribution in the network gives +7*1.84 
amperes through the admittance at A 
and 0.081 + 7*2.09 amperes through the 
admittance at D. 

Voltages at the Fault (Station A) 
Positive sequence: 

33,000 

Ei - - (0.33 X 7*50.8) 

= 19,050 — 7*17 volts 
Negative sequence: 

£2 = 0- (0.33 X 7*44.5) - 0 -7*15 volts 
Zero sequence: 

£0 = 0 — (+/1.84 X -7*10,350) 

= —19,050 volts 

From symmetrical components and neg¬ 
lecting the above 7* voltage terms as insigni¬ 
ficant: 


Appendix 

System Impedances 

The positive- and negative-phase-se¬ 
quence networks of the assumed system 
are shown in figures 5 and 6 for the fault 
at station A . The portions not shown 
carry no current. The zero-phase-sequence- 
line impedances may be determined from 
table 2 and curves of figures 15 and 16 of 
Engineering Report No. 37 of the Joint 
Subcommittee: 8 

Zu =* 0.697 + 7*1.46 for 1/0 copper con¬ 
ductors with mean spacing of 5.45 
feet and earth resistivity of 50 
meter-ohms 
Zi 2 *0.09+7‘0.71 
Zo * Zu + 2Zi2 

* 0.877 + 7*2.88 ohms per mile, zero- 
sequence impedance 


Zo = 43 — J2,450 ohms 
or 

Yo = (7.16 +7*408) 10” 6 mho 

Neutral admittance should then = Y PT ® 
—7*408 X 10 _# mhos or X PT « +7*2,450 
ohms. Petersen-coil ^reactance (X P ) = 
V« (+7*2,450 -7*14.5) - +J812 ohms. 

The zero-sequence impedance of the 
system including the Petersen coil then 
reduces to 139,700 ohms and the fault cur¬ 
rent becomes 0.41 amperes, with a coil 
current of —7*23.4 amperes. 

With the coil tuned for the complete 
system but with section B-C switched off 
the zero-sequence impedance becomes Zo =» 
213.5 + 7*5,460 ohms, and 

33,OOO.Vg __ 

r ~ 213.5 + j5,460 +,50.8 + jte.5 

.« 0.39 — 7*10.3 amperes 


Ex = a 2 £i + aE± + £0 
Ey = aEi + o 2 £ 2 + £0 
Ez £i + £2 + £0 

where a — —0.5 +7*0.866anda 2 « —0.5 — 
7*0.866 


Phase X 

Phase Y 

Phase Z 

to Ground 

to Ground 

to Ground 

-9,525 -710,500 

-9,525 + 710,500 

19,050 

0 

0 

0 

-19,050 

-19,050 

-19,050 

-28,575 - 710,500 

-28,575 +710,500 

0 

83,000 volts 

33,000 volts 

0 volt 


Voltages at Station D for Fault at A 

Positive- and negative-sequence volt¬ 
ages at D will be the same as at the fault 
(see above) as these two networks are 
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considered as carrying no current between 
A and D in this case. 

Zero-sequence voltage =0 —[(0.081 +7*2.09) 
X -710,350] = -21,700 + j840 volts 


Phase X J 
to ground S 

f -9,525 -J16,500 

1 0 

1 —21,700 +J840 

1 -31,225 — JX5,660 

35,000 volts 

Phase Y 

+A OTAtlfl/4 

/ -9,525+il6,500 

( 0 

; -21,700 +J840 

to ground 

| -31,225+J17,340 
v 35,800 volts 

Phase Z \ 

to ground \ 

, 19,050 

0 

1 -21,700 + J840 

-2,650 + J840 
' 2,780 volts 
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Discussion 

H. M. Rankin and R. E.Neidig, nonmem¬ 
ber (Metropolitan Edison Company, 
Reading, Pa.): Part I—Operating Fea¬ 
tures and Basic Calculations —by W. C. 
Champe. The author has covered the 
ground in a brief but dear and instructive 
manner. There are, however, a few points 
on which we wish to comment, as follows: 

Lightning Arrester Fating. The author 
says that with multiple coil installations it 
may be possible to reduce the rating of 
lightning arrester below line-to-line volt¬ 
age. We believe such practice would be 
questionable, as sectionalizing the system 
might readily leave any one section isolated 
with one coil, and the high impedance of the 
coil would maintain line-to-line voltage to 
ground on two conductors if the third were 
grounded. 

Advantages of Petersen Coil, Records 
which we have taken with an automatic 
oscillograph have never indicated higher 
voltage to ground than 1.7 times normal 
line-to-neutral voltage. Our equipment is 
designed for voltage to ground equal to 
normal line-to-line voltage. 

Transpositions. On existing systems* 
particularly some of the-older ones*tit may 


be diffi cult and expensive to obtain the 
proper number of transpositions. We have 
found it possible in some cases to balance 
one section of line against another section 
having a different arrangement of conduc¬ 
tors. This, of course, can only be done pro¬ 
viding it is possible, when one of these lines 
is out of service, to cut the residual current 
to a satisfactory value by detuning the coil 
still keeping within limits of satisfactory coil 
operation. 

Number of Coils Required. It would 
seem that the number of coils would de¬ 
pend principally on the possible sectional- 
ized operation of the system rather than 
on relaying requirements. We are con¬ 
sidering the installation of two coils on a 
system having at present grounding trans¬ 
formers at four locations. The two coils 
would be installed in the neutrals of two 
of the grounding transformers and equipped 
with short-circuiting switches. At the 
other two locations, we are proposing to 
simply install neutral grounding switches 
with suitable automatic control equipment 
to operate similarly to the short-circuiting 
switches used with the Petersen coils. 

Accessory Equipment. The author states 
that if the Petersen coil is placed in the neu¬ 
tral of a transformer bank used for ground¬ 
ing purposes only, switching equipment in 
series with the coil can be omitted. We be¬ 
lieve this is somewhat questionable as it 
might be desirable to use the grounding 
transformer as such during maintenance 
work on the coil, in which event means of 
disconnecting the coil and grounding the 
neutral would be necessary. 

In our installations, we have provided 
an operation counter as well as alarm relay 
and graphic ammeter. We have found 
this advantageous as the chart speed of 
the ammeter is not great enough to separate 
the lines drawn by successive operations. 
For instance, in a recent storm we had five 
operations of a Petersen coil within a period 
of 12 seconds. In this particular case, an 
operator happened to be watching the am¬ 
meter and saw the five operations of the 
needle, which indicated different values of 
current for each operation although there 
was only one line registered on the chart. 
The counter recorded all five operations. 

Part II—System Analysis and Computa¬ 
tions —by F. Von Voigtlander. Our only 
comments on Mr. Von Voigtiander’s very 
instructive paper are in the nature of 
operating results, as follows: 

The Metropolitan Edison Company has 
installed three Petersen coils—one at 
Reading, Pa., one at Middletown, Pa., on its 
66-kv system, and one at Holtwood, Pa., 
on the system of the Pennsylvania Water & 
Power Company, with whom they are inter¬ 
connected. These coils operate on a total 
of 308 miles of circuit and are tuned for 112, 
95, and 101 miles, respectively. They were 
placed in operation in October 1937, and 
up to June 16, 1938, the record is briefly as 
follows: Total faults on 66-kv system—72. 
Transient faults—64, or 89 per cent of 
total. Transient faults cleared by Peter¬ 
sen coils—50, which is 78.2 per cent of all 
transient faults, or 69.5 per cent of all faults 
on the 66-kv system. 

Field Tests. Staged tests were made on . 
this system under various conditions, the 
worst case being with 25 per cent of the 
lines for which the coils were tuned dis¬ 
connected but with no retuning of the coils. 


These tests were made by establishing an 
arc to ground across a string of suspension 
insulators by means of a fuse, and were in 
all cases successfully cleared within times 
ranging from one-half cycle to seven cycles. 
In recent storms, lightning flashovers have 
also been successfully extinguished with as 
much as 25 per cent of the line mileage for 
which the coils were tuned disconnected. 


A. W. Gothberg (Public Service Electric 
and Gas Company, Newark, N. J.): In 
the paper by W. C. Champe and F. Von 
Voightlander on “System Analysis for 
Petersen Coil Application,” it is stated that 
in considering the installation of Petersen 
coils it should be kept firmly in mind that 
they have no effect on phase-to-phase faults 
as such. 

This limitation is a severe handicap to 
an effective installation of a Petersen coil 
on a system having an appreciable amount 
of wood-pole transmission. Figures have 
been published indicating that as many as 
75 per cent of the faults on a transmission 
system are phase-to-phase and as many as 
85 per cent of all faults are due to lightning. 
This clearly indicates that lightning is 
causing a majority of all faults and on wood- 
pole lines it is admitted that most of them 
result in phase-to-phase faults. 

A paper has been published in the January 
1937 issue of Electrical Engineering 
entitled “Lightning Protection for Trans¬ 
mission Lines,’* in which a wood-pole-line 
design was presented which eliminated or 
reduced the number of phase-to-phase faults 
due to lightning. Although this design 
used lightning-protector tubes on one phase 
of a three-phase line, it can be made par¬ 
ticularly applicable to a system using a 
Petersen coil by simply substituting a suit¬ 
able gap for the lightning-protector tubes. 

In brief, it would consist of making one 
phase of each circuit a shielding conductor 
by locating it so that the remaining phases 
will be shielded from direct lightning strokes. 
Lightning currents could be drained from 
the shielding conductor by means of suit¬ 
able gaps connected to ground. This 
would result in a single-phase fault which 
could be cleared by a Petersen coil. The 
remaining phases could be isolated from 
the shielding conductor and the gap ground 
circuits by insulation sufficient to prevent 
phase-to-phase faults. On double-cir¬ 
cuit lines, gaps could be installed on the 
two top shielding conductors. It is im¬ 
portant that the same phase of each cir¬ 
cuit be on the top arm so that in the event 
of a stroke involving the two top conduc¬ 
tors, a phase-to-phase fault does not re¬ 
sult. Methods of deter m ining the amount 
of insulation required on the pole top and 
the frequency of the gaps along the line 
can be found in the paper mentioned 
above. 

Limited experience with this type of 
construction has shown its ability to 
eliminate phase-to-phase faults 

This proposed design of wood-pole line 
should make the effectiveness of a Peter¬ 
sen coil on a wood-pole line approach or 
equal to the effectiveness of a Petersen coil 
on a steel tower line equipped with ground 
w ^ res It would overcome one of the most 
serious limitations in the application of a 
Petersen coil to a system having wood- 
pole transmission. 
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W. D. Hardaway (Public Service Company 
of Colorado, Denver) : The authors have 
presented in convenient and useful form, 
methods for making basic calculations for the 
application of Petersen coils to transmission 
systems. They mention the possibility of 
unsuccessful coil operation due to corona 
current when applied to high-voltage 
systems operating with small conductors 
or at high altitude. In this connection 
it would be of interest to have stated the 
maximum values of corona current which 
are being successfully interrupted by Peter- 
sen-coil operation. On the Colorado 100- 
kv system, fault currents of from 20 to 
25 amperes are quenched without difficulty, 
and North and Eaton report fault currents 
of from 38 to 50 amperes on the Michigan 
140-kv installation (Elec. Eng., vol. 53, 
page 67). It appears improbable that 
these values will be greatly exceeded on 
other systems. 

The authors have called attention to the 
difficulty in properly relaying an isolated 
neutral system for single-phase faults to 
ground. Solidly grounding, with the addi¬ 
tion of proper relays, will usually solve this 
problem. However, the application of a 
Petersen coil may be materially less ex¬ 
pensive than this remedy, and has the 
further advantage of improving continuity 
of service. Also it appears that the Peter¬ 
sen coil eliminates the excessive harmonic 
overvoltages frequently present under arc¬ 
ing ground conditions on isolated-neutral 
systems. 


E. M. Hunter (General Electric Company 
Schenectady, N. Y.): Continued interest 
is being shown in the Petersen coil as a 
service-protective device. At the last win¬ 
ter convention it was reported that there 
were seventeen coils in the United States, 
the majority of which have been applied in 
the last year or so. In the last few months 
seven more applications have been made, 
bringing the total to 24. Naturally, some 
application and operating experience is 
now available on these protective devices 
and this experience is the basis of the 
comments prepared on this paper. 

In-Phase Component op Fault Current 

In part I of the paper it is stated "The 
in-phase component must be carefully 
checked to make sure that it will not be 
large enough to maintain the arc readily 
and prevent extinction by the Petersen 
coil.” 

I am sure it would be of interest if the 
authors would give their views on the 
magnitude of the in-phase component of 
fault current beyond which it would be 
undesirable to apply Petersen coils. 

Although system analysis and operating 
experience on existing installations is 
limited, it indicates that on medium-voltage 
systems (66 kv and below), the in-phase 
component of the fault current should not 
exceed 20 to 25 amperes. This relatively 
low value of current apparently does not 
maintain the arc. This is likewise true on 
high-voltage systems (110 kv and above) 
unless the system has considerable corona 
loss. When there is corona and the system 
is extensive, then the in-phase component 
of current may be a problem, although in 
all of the applications made to date, suc¬ 
cessful arc extinction has been reported 


with in-phase components of current up to 
50 amperes. It appears that the in-phase 
component of current need only to be con¬ 
sidered if there is corona. 

System Overvoltages 

During Ground Faults 

In part II of the paper, an analysis is 
made of the overvoltages on a system 
(Figure 1, part II) with and without a 
Petersen coil in the neutral. It shows that 
with a ground fault on one of the phases at 
a point in the system adjacent to the 
station where the Petersen coil is located, 
the voltage to ground on the two healthy 
phases increases with distance from the 
fault point. The magnitude of these 
voltages is summarized in table II, part II. 

Referring to this table, it is seen that the 
voltages with the Petersen coil increase 
approximately nine per cent above the 
system line-to-line voltage at a point 150' 
miles away from the fault. Since the 
calculations from which, these voltages 
were derived neglects load current, they 
undoubtedly represent maximum values. 
Inductive reactive load current would, in 
general, have a tendency to reduce these 
voltages. It should be noted that they do 
not exceed the maximum permissible line- 
to-ground voltages recommended for pro¬ 
tective equipment on such a system. Also, 
they are lower than if the neutral were 
free. These voltages would also be lower 
if the Petersen coil had been located at 
station B instead of a station A. System 
analysis has shown and operating ex¬ 
perience has verified the fact that when 
overvoltages in remote sections of the 
system away from the ground fault are 
likely to be excessive, several coils cor¬ 
rectly placed in the system will limit these 
overvoltages to reasonable values. 

It is interesting to note that overvoltages 
at the point of fault with the system neutral 
isolated are much higher than if the neutral 
were grounded through a Petersen coil. 
For example, on this system of figure 1, 
part II, the voltages at station D for ground 
faults at station D have been calculated for 
the condition of (1) the system neutral 
isolated at A, (2) the system neutral 
solidly grounded at A, and (3) the system 
neutral grounded through a Petersen coil 
at A. This study has been made with all 
three generators in service and also with 
only one generator in service. The results 
of this study are summarized in table I. 


Table I 


Voltage Neutral Neutral Petersen 

to Ground Isolated Grounded Coil 


partial series resonance is obtained. It 
should be noted that with the Petersen coil 
in the neutral, the voltages on the two 
healthy phases do not exceed the system 
phase-to-phase voltage. 

The authors also mentioned high transient 
overvoltages on the system at the time a 
ground fault occurs. I would like to have 
the authors’ comment on this further and 
possibly show how these overvoltages 
occur and how they may be calculated. 
Experience indicates that if these over¬ 
voltages do occur, they are of a very short 
time duration, so short in fact that they do 
not record on a magnetic oscillograph. The 
magnitude also must well be within the 
limits of insulation strength of connected 
apparatus because there is no indication 
that they do any appreciable damage. 

Accuracy op Calculations 

The authors state that their system 
analysis gives results which can be sub¬ 
stantiated by tests within a . ten per cent 
error. The experience available to’ date 
on Petersen coil applications leads to the 
conclusion that the methods used by the 
authors are npt necessarily that accurate. 

For example, the in-phase component of 
current for the system analyzed in part II 
of the paper has been calculated by the* 
authors to be 0.99 ampere. Experience 
on 11 33-kv applications of Petersen coils 
leads me to believe that this particular 
system would have an in-phase component 
of current between ten and 15 amperes. 
This would result from leakage on apparatus 
and also harmonics which appear to have 
been neglected or omitted from the authors’ 
calculations. This current would vary 
with the weather, the higher value being 
noted during stormy periods. 

With regard to the charging current in a 
ground fault which must be compensated 
by lagging current in the Petersen coil, 
the experience previously mentioned indi¬ 
cates that this system should have between 
42 and 46 amperes instead of the 34 am¬ 
peres given by the authors for charging 
current for the 210 miles of line, Pos- * 
sibly this discrepancy may be explained by 
the fact that in their calculations they have’ 
calculated only the zero sequence capacity’ 
of the transmission line alone and have 
made no allowance for the capacitance or 
apparatus, insulators, bushings, poles, etc. 
These other effects have a tendency to 
increase the charging current, making it 
higher than the current given by the 
formulas used by the authors. 

As suggested by the authors, measure¬ 
ments to substantiate calculations of 
charging Currents are advisable when ex¬ 
perience is limited. 


Three Generators in Service 

Phase X. .... .38 kv. .. i. .24 kv..... .33 kv 
Phase Y..... .41 kv,... .,22 kv..... .33 kv 
Phase £...... 0 .. 0 .0 

One Generator in Service 

Phase X. .... .41 kv..... .21 kv.__33 kv 

Phase Y ... ... .44 kv..... .20 kv...,> .33 kv 
Phase 0 ...... 0 ...... 0 


With only one generator in service and 
the neutral isolated, the voltages are 
relatively high. This may be explained by 
the fact that on this system a condition of 


W. W. Lewis (General Electric Company, 
Schenectady, N. Y,): Messrs. Champe and 
Von Voigtlander give a very useful sum¬ 
mary of the conditions that should be con¬ 
sidered in the application of Petersen coils. 
I am especially interested in their discus¬ 
sion of the accuracy of computations on 
pages 14 and 15 of the preprint and wish 
to comment briefly on this feature. 

If the tests are made carefully and all the 
conditions are known, and if the calcula¬ 
tions are accurately made for the same con¬ 
ditions as existed in the tests, then the 
results of the tests and calculations should 
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certainly check. However, usually it is 
not possible to know all of the conditio ns of 
either test or calculation sufficiently well to 
obtain better than an approximate check. 
A couple of examples will illustrate this 
point. 

When the Public Service Company of 
Colorado were considering the application 
of a Petersen coil on their Shoshone-Denver 
line, we made some calculations, assum¬ 
ing the average spacing of the conductors 
to ground as the height at the towers 
minus two-thirds of the sag. This is 
probably a fair assumption for level 
stretches, but as much of this line is in the 
mountains and spans from hill-to-hill over 
gulches and canyons, the average height 
obtained from a profile by planimeter 
would probably be considerably greater 
than the height assumed. Allowance was 
made for the increase in capacitance due to 
corona and account was taken of the 
capacitance of the line insulators, appara¬ 
tus, bushings, disconnecting-switch insula¬ 
tors, and transformer windings. The cal¬ 
culated fault current was 92 amperes 
capacitance current and 95 amperes in¬ 
cluding in-phase current due to corona, 
but neglecting harmonics, for the approxi¬ 
mately 187 miles of line. The power 
company then made some tests in which 
the neutral was isolated and one conductor 
grounded. Fault current to ground and 
voltages to ground were measured with 
oscillograph, ammeter, and voltmeter. Tests 
were made at three different points on the 
system, namely, at the Denver and Sho¬ 
shone ends and at an intermediate point, 
Leadville. Reduced to the same voltage 
basis of 95,000 volts, these tests showed, 
respectively, fault currents of 123, 101, and 
137.5 amperes for the approximately 187 
miles of line. 

Finally, when the Petersen coil was put 
into operation, the Petersen-coil currents 
for ground faults at Leadville and Denver 
were measured at the tuned setting of the 
coil (“Test and Operation of Petersen Coil 
on 100-Kv System of Public Service Com¬ 
pany of Colorado/* by W. D. Hardaway 
and W. W. Lewis, Electrical Engineer¬ 
ing, June 1938, pages 295-302). The 
readings were 98 and 96 amperes, respec¬ 
tively. Thus the calculations checked 
fairly closely the measured Petersen-coil 
current but did not check at all well the 
measured ground fault current. 

In another case, a single-circuit 115-kv 
line with two ground wires was tested. 
The line was opened up at both ends by 
disconnecting switches. Low-tension 
single-phase voltage was placed on the 
open-circuited line between the three con¬ 
ductors in multiple and ground. Voltage, 
current, and watts were read. From these 
readings the zero-sequence capacitance 
of the line was found to be 0.211 micro¬ 
farad. The capacitance of the conductors 
was calculated, assuming an average spac¬ 
ing to ground equal to the height of the 
conductors at the towers minus two-thirds 
of the sag. This capacitance, added to 
that of the line insulators and disconnect¬ 
ing-switch insulators, and assuming no 
corona, gave a total zero-sequence capaci¬ 
tance of 0.172 microfarad. In this case 
the tested capacitance was 22 per cent 
higher than the calculated. 

Either Mr. Hunter or I have made calcu¬ 
lations for all of the Petersen coils that have 
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Figure 1 


been installed in this country and have 
made ground-fault tests after installation 
in most cases. From these tests we have 
worked out the empirical relations shown 
in figures 1 and 2, for single-circuit lines. 
These relations can be used as a guide in the 
selection of Petersen coils. 


P. A. Jeanne (Bell Telephone Laboratories, 
Inc., New York, N. Y.): I have been quite 
interested in the recent activity in the ap¬ 
plication of Petersen coils in this country, 
particularly as it has been my privilege, 
as a member of project committee 2J of 
the joint subcommittee on development 
and research of the Edison Electric In¬ 
stitute and Bell System, to participate in 
studies of current-limiting devices, in¬ 
cluding the tests on the first of the more 
recent Petersen-coil installations in this 
country, made in 1931. I think that Mr. 
Champe and Mr. Von Voigtlander have 
brought out quite well most of the features 
requiring consideration in the application 
of Petersen coils. The comments which I 
have on the paper are made chiefly from 
the standpoint of clarifying certain ideas. 
In the introduction to Mr. Champe's 
paper (advance copy), the statement is 
made that with a Petersen-coil system the 
inductive reactance, most of which will be 
in the Petersen coil or coils, will be approxi¬ 
mately equal to the capacitive reactance of 
the two unfaulted conductors to ground. 
I think this statement requires modifica¬ 
tion because one might assume from it that 
the proper reactance for the Petersen coil 
would be one determined from the sum of 
the direct capacitance to ground * of the 
sound phases, while in fact it is determined 
from the sum of the direct capacitance to 
ground of all three phases. I think per¬ 
haps the author had in mind the fact that 
in a Petersen-coil system the charging 
current of the two sound phases equals the 
Petersen-coil current, a fact which might 
readily lead to the statement cited. Per¬ 
haps I can make this clear by reference to 
figure 3. Figure 3(a) represents a balanced 
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Figure 2 


three-phase power system grounded through 
a reactor and with a fault on phase A . 
Now if the only voltage in the system were 
that in phase A we could immediately see 
that for minimum current in the fault the 
neutral reactance should just equal in 
magnitude the capacitive reactance of the 
two sound phases to ground, as that would 
provide the parallel resonant condition 
sought. However the presence of the 
voltages and E c in the sound phase 
branches subjects them to higher voltages 
to ground than that across the reactor and 
the requirement for resonance is not im¬ 
mediately apparent. Now by a well- 
known theorem, the current in a particu¬ 
lar branch of a network can be determined 
if an electromotive force equal to that 
which would exist across an open circuit 
in that branch is introduced into the branch 
and the other voltages in the system sup¬ 
pressed. If we apply this idea to the 
circuit under consideration, as in figure 
3 (b), the current in the fault branch will 
be the same as it would be with the regular 
voltages impressed as in figure 3(a). It 
can be seen immediately that, in the cir¬ 
cuit of figure 3(6), the direct capacitanccs- 
to-ground of all three conductors are in 
parallel with the reactor, so that to secure 
the parallel resonant condition desired, the 
reactance of the Petersen coil must be 
made equal in magnitude to the capacitive 
reactance of the sum of the direct capaci¬ 
tance to ground of all three conductors. 
The same thing could of course be shown by 
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Figure 3. Petersen coil 
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Solving the network of figure 3(a) for a 
value of reactance which would make the 
current through the reactor equal to the 
vector sum of the charging currents of the 
two sound phases. The authors have used 
the proper capacitance in their calculations 
and it is only the statement in the early 
part of the paper that I feel needs modifica¬ 
tion. 

The second comment I have applies to the 
discussion of overvoltages under funda¬ 
mental frequency conditions. While I 
agree that on an extensive Petersen-coil 
system the voltage at points remote from 
the fault may exceed line-to-line voltage, 
I think it should be made clear that the 
type of voltage rise the authors discuss is 
not peculiar to a Petersen-coil system. 
The effect is the well-known tendency of a 
long line, energized to ground at the send¬ 
ing end and open at the receiving end, to 
show a rise in voltage at the open end. If 
the effect is sufficiently large in the case of 
a Petersen coil installation to require 
attention, it would also probably require 
attention if the same system were grounded 
at the same point in any other manner. 
For example, if the system were solidly 
grounded at one point only, the voltage 
rise at points remote from the ground 
might be sufficient to prevent its being 
treated as a solidly grounded system. In 
this conection it is interesting to note the 
tendency of a Petersen coil to establish, at 
the point of fault, line-to-ground voltages 
on the two sound phases which are equal to 
each other and no greater than line-to-line 
voltage, a condition which other types of 
neutral impedance may fail to accomplish. 
Figure 4, prepared for the system assumed 
in part II of the paper, illustrates the point 
I wish to make. At the upper left is 
indicated a neutral resistance grounded 
system. If, for the sake of convenience, 
we assume that the neutral remains fixed 
and allow the point representing the earth 
to shift with varying voltage drop through 
the resistor, we can conveniently represent 
the variation in the line-to-ground voltages 
of the sound phases. As the neutral 
resistance is varied, the point representing 
the earth moves along the circular locus in 
the diagram in the lower left, and the 
potentials to the sound phases are measured 
from the point on the arc corresponding to 
the value of resistance for which the voltages 
are desired. This diagram shows quite 
clearly that with neutral resistance ground¬ 
ing, the line-to-ground voltages of the 
sound phases are unequal and one of them 
may considerably exceed the line-to-line 
voltages, as in the case of phase- C voltage 
when the neutral resistance is 125 ohms. 
In the right half of this figure are shown the 



Figure 4. Neutral grounding devices 


corresponding diagrams for reactance ground¬ 
ing. It is seen here that as the reactance 
increases, the locus for the "earth” remains 
very close to the vector Ea and that the 
line voltages do not depart very much 
from balance. In the particular example, 
the actual departure is even less than shown 
by the diagram which was distorted some¬ 
what for the sake of clarity. In some 
types of systems, however, the unbalance 
may be considerably greater. It is seen 
that as the value of reactance approaches 
that required for a Petersen coil, the un¬ 
balance tends to decrease, and when it is 
at the value corresponding to the Petersen 
coil the line-to-ground voltages are essen¬ 
tially balanced and equal to line-to-line 
voltage. This is an effect typical of the 
Petersen coil, and except as propagation 
effects on long lines may come into play, 
Petersen coils tend, under fault conditions, 
to maintain line-to-ground voltage on 
sound phases substantially equal to line- 
to-line voltage. 


S. B. Griscom (nonmember; Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa.): The authors have pre¬ 
sented very interesting papers on operating 
features and computation of Petersen coils. 
In part I, under "Effect of System Opera¬ 
tion,” some of the pros and cons concern¬ 
ing the application of coils are given. It 
seems to me that under this heading a few 
other factors should be pointed out. One 
of these for lack of a better term will be 
called "adaptability to interconnection.” 
Power systems having various types of 
grounding (solid, resistance, or reactance) 
may be metallically connected together 
with but slight changes in the relaying in 
the vicinity of the tie-in point. With a 
Petersen-coil-equipped system, however, 
it is necessary that both systems be equipped 
with the coils, or else use isolating trans¬ 
formers or their equivalent in making the 
connection. Thus, all new additions to the 
system or future interconnections may 
require the installation of additional equip¬ 
ment. The desirability for Petersen coils 
should also be considered in relation to the 
fact that American practice usually pro¬ 
vides multiple feeds to important loads to 
insure continuity not only for transitory 
but also prolonged faults in case of physical 
line trouble. The trend toward higher 
relay and breaker speeds has greatly 
minim ized the shock to the system for 
faults. A ground fault, unless very close 
to a full capacity solidly grounded trans¬ 
former is inherently less severe than a 
phase-to-phase fault, and very much less 
severe than a three-phase fault, and the 
latter must be provided for in any case. 

The information given under "Accuracy 
of Computations,” part II, is very in¬ 
teresting. In view of the observed fact 
that calculated admittances are always 
lower than test data, I am wondering 
whether the authors have been able to 
trace this discrepancy to any commonly 
neglected factors, such as capacitance of 
insulator strings, height of vegetation, etc. 
I understand that in some cases, systems 
operating Petersen coils have found it 
necessary to change the compensation due 
to growth of com, or the occurrence of a 
heavy snowfall. In the latter case it 
would appear more likely that snow or 


sleet on the conductors would be more 
effective in changing the zero-sequence 
capacitance, than a nominal depth of snow 
on the ground. The writer would like to 
ask whether any such effect has been 
noticed on the portion of the Consumers 
Power 140-kv system that is Petersen- 
coil equipped. 


W. C. Champe and F. Von Voigtlander: 
Mr. A. W. Gothberg has suggested the 
use of a suitable grounded gap to bridge 
the insulator of the top conductor of a wood- 
pole line so that this conductor would act 
to shield the other two from high induced 
potentials. The resulting single-phase fault 
to ground of the combination conductor 
and shield wire, when discharging a high 
potential, would be cleared by the Petersen 
coil. A similar plan has been advanced by 
the authors and others, and also the possi¬ 
bility of reducing the insulation of the top 
conductor on steel tower lines without 
ground wires has been considered on sys¬ 
tems equipped with Petersen coils. Though 
the authors have not had the opportunity 
of observing such schemes in actual use, 
it would appear that they would be rather 
successful in reducing line outages due to 
lightning and that they would greatly ex¬ 
tend the field of usefulness of Petersen coils. 

While on highly insulated wood-pole lines, 
lightning outages may be predominantly 
phase-to-phase faults, the fact still remains 
that there are thousands of miles of moder¬ 
ate voltage wood-pole lines in this country 
on which transitory ground faults are an 
appreciable proportion of the total faults 
experienced. This ratio of transitory 
ground faults to total faults becomes an 
important criterion for successful Petersen- 
coil installation. A ratio of transitory 
ground faults to total faults of as high as 
50 per cent is not at all uncommon, particu¬ 
larly on lines of older construction. On 
such lines Petersen coils have proved 
eminently effective. 

Mr. Griscom has suggested a factor aptly 
called by him "Adaptability to Intercon¬ 
nection,” which is an important considera¬ 
tion in the application of Petersen coils to 
systems which may be switched onto other 
systems not so equipped. Where it is 
necessary to switch a Petersen-coil-equipped 
system onto such other systems, the switch¬ 
ing must be done through transformers 
having a high zero-sequence impedance, if 
the effectiveness of the Petersen coils are to 
be retained, unless the interconnected 
system is non-grounded and is within the 
tuning range of the coils. 

Mr. Griscom asked regarding the effect of 
the height of vegetation, increased conduc¬ 
tor diameter due to snow or sleet, occurrence 
of heavy snowfalls, etc., on the tuning of 
the Consumers Power Company’s 140-kv 
Petersen-coil system. While these factors 
have an effect on the system admittance to 
ground, such effects have not been observed 
to an extent sufficient to warrant retuning 
of the cods. 

Messrs. Griscom, Hunter, and Lewis 
have commented on the accuracy of compu¬ 
tations and on the fact that the observed 
values of system admittance to ground have 
always been found to be greater than calcu¬ 
lated values. From the tests and calcula¬ 
tions which have been made, the effects of 
height of vegetation, capacitance of insulator 
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strings, etc., have not been found to be 
sufficient to account for these differences 
between observed and calculated admit¬ 
tances. 

In the authors’ experience, the quadra¬ 
ture components of fault current have been 
consistently predicted within ten per cent of 
measured values. In such calculations, the 
system admittances have been increased ten 
per cent above the values computed by 
standard methods, since, as pointed out in 
the paper, the authors have found the 
measured values to be consistently ten per 
cent greater than those calculated on the 
systems with which they are familiar. In 
the example in the paper, this ten per cent 
increase in admittance was not made, as 
experience on other systems may show a 
somewhat different relation between meas¬ 
ured and calculated admittance. The 
quadrature component of fault current was 
calculated in the example as 34 amperes. 
With the admittance increased ten per cent 
this current component becomes 38 am¬ 
peres, which could be expected to be within 
ten per cent of the measured value on the 
basis of the authors’ experience and about 
13 per cent on the basis of Mr. Hunter’s 
experience. The discrepancy between the 
measured and calculated total ground fault 
current in the Colorado example cited by 
Mr. Lewis can probably be ascribed to the 
magnitude of the in-phase components, 
since the measured and calculated quadra¬ 
ture components checked quite well. It is 
hoped that further investigation into the 
differences between calculated and measured 
values of line admittances will be made and 
that the results of such investigations will 
be made available to members of the Insti¬ 
tute. As observed in the paper, the com¬ 
putation of the in-phase components is sub¬ 
ject to large error, especially for the smaller 
values, as the effect of the intangibles on 
the magnitude of these components then 
becomes larger than the effect of the 
system resistances. 

Messrs. Hardaway and Hunter have dis¬ 
cussed the magnitudes of the in-phase 
components of fault current on operating 
Petersen-coil systems. Mr. Hardaway re¬ 
ports in-phase fault current arcs of from 20 
to 25 amperes are being cleared without 
difficulty on the Colorado 100-kv system, 
and points out that fault currents of from 
40 to 50 amperes are being interrupted on 
the Michigan 140-kv system. The maxi¬ 
mum values of in-phase component of 
ground fault current which can be tolerated 
for a given system equipped with Petersen 
coils has not been even approximately 
established, to the authors’ knowledge. 
Experience has shown that in-phase transi¬ 
tory arcs up to 50 amperes are generally 
successfully extinguished, though during 
quiet conditions, such arcs have been known 
to continue for over 800 cycles. Wind and 
weather conditions have a very important 
effect on the behavior of arcs of this sort, 
and in any test to determine the r ang e of 
maximum current which can be extinguished 
wind and weather conditions would have to 
be considered. 

Tests have been made on long and exten¬ 
sive medium-voltage systems where the 


resistance to reactance ratio was high but 
corona was no factor, in which sufficiently 
large in-phase currents were measured to 
make questionable the successful operation 
of Petersen coils. On extensive high-volt¬ 
age systems where corona was present, in- 
phase components as high as 160 amperes 
have been calculated. However, in the 
majority of systems encountered in practice, 
particularly at voltages under 66 kv, the 
in-phase components are probably of only 
secondary importance. 

Messrs. Hunter and Jeanne made some 
very interesting comparisons of system 
voltages to ground for isolated-neutral, 
grounded-neutral, andPetersen-coil-equipped 
systems. In Mr. Hunter’s tabulation it is 
interesting to note for the case of the iso¬ 
lated neutral that as the number of genera¬ 
tors on the system is reduced from three 
to one, the positive- and negative-phase- 
sequence impedances of the system increase 
to a point where they are of appreciable 
magnitude compared to the zero-sequence 
impedance, resulting in considerably higher 
system voltages to ground. Incidentally 
phase-to-phase voltages would also be found 
to be considerably higher than normal for 
the assumed ground-fault conditions. 

Mr. Hunter asked for the authors’ further 
comment on the high transient overvoltages 
coincident with line-to-ground faults. The 
authors believe these transients to be of the 
nature of switching surges, due largely to 
the rearrangement of line capacitances to 
ground incident to the occurrence of the 
faulty As Mr. Hunter observed, these 
transients are of too short duration to be 
accurately recorded on conventional mag¬ 
netic oscillographs. The authors have not 
carried out any extensive investigation of 
these transients, either mathematically or 
in tests, but have observed what magnitudes 
may be experienced by the use of surge 
recorders or klydonographs on systems dur¬ 
ing ground-fault tests. Such values as have 
been observed, though of surprising mag¬ 
nitude, have been found to be well within 
the limits of insulation strength of con¬ 
nected apparatus and equipment. No 
doubt these transients also are mitigated by 
the Petersen coils. 

Mr. Jeanne observed that the reactance of 
Petersen coils is determined from the direct 
capacitance to ground of all three phases of 
a system, and not from that of only the two 
unfaulted conductors as might be inferred 
from the paper. The authors of course 
agree with this, having the point in mind, 
as Mr. Jeanne mentioned, that the coil 
current is equal to the quadrature com¬ 
ponent of the charging current of the two 
unfaulted conductors. Mr. Jeanne’s dis¬ 
cussion and diagrams of these relations and 
the effect of neutral resistance and reactance 
on the system voltages to ground are very 
interesting. They demonstrate the points 
m question very well, and are worthy of 
detailed study by everyone interested in this 
subject. 

The empirical relations which Mr. Lewis 
has shown between the calculated charging 
current and the measured Petersen-coil cur¬ 
rent, and the relations between the calcu¬ 
lated capacitance to neutral and the zero- 


sequence capacitance are based on a very 
wide experience in this field and on a con¬ 
siderable number of tests. They should, 
therefore, be a useful guide in working out 
these values for any given power system. 

The authors agree with Messrs. Rankin 
and Neidig regarding the use of lightning 
arresters rated at less than line-to-line volt¬ 
age on Petersen-coil systems. However, 
there appears to be some misinterpretation 
on the matter of permissible lightning- 
arrester ratings, as the point intended in 
the paper was that multiple Petersen coils 
may permit the use of lightning arresters 
with a rating lower than those which might 
be used for a totally isolated system. That 
is, on a totally isolated neutral system, cer¬ 
tain of the lightning arresters might well be 
required to have ratings considerably in 
excess of that based on normal line-to-liue 
voltage, whereas on a system equipped 
with multiple Petersen coils, the rating 
based on normal line-to-line voltage would 
probably be adequate. For example, nor¬ 
mally on a 33-kv isolated-neutral system, 
37-kv ligntning arresters would be used. 
However, if it were a large and extensive 
system, 43-kv arresters might be required 
at some stations to interrupt high dynamic 
overvoltages. If this system were equipped 
with only one Petersen coil, a number of the 
43-kv arresters might still be required, but 
if it were equipped with multiple Petersen 
coils, the use of 37-kv arresters might well 
be feasible throughout. 

It is presumed that the maximum re¬ 
corded voltages mentioned as never having 
been found to exceed 1.7 times normal line 
neutral voltage, refer to a system equipped 
with multiple Petersen coils. 

Transpositions are of considerable im¬ 
portance in a Petersen coil application, as 
their proper use reduces the normal residual 
voltage of the system and thereby limits the 
continual current through the coils and 
restricts neutral displacement during normal 
system conditions. 

The number of coils required on a system 
would be a function of the possible sectional- 
ized operation of the system. Whether or 
not all grounding transformers should be 
equipped with Petersen coils would be a 
matter for individual engineering judgment 
on the system involved. 

Since there is but little maintenance work 
to be done in connection with Petersen coils, 
it would appear difficult to justify any but 
the simplest means of by-passing the coil 
and grounding the neutral. Justification 
for additional equipment would depend 
largely on local conditions. 

The comments of Messrs. Rankin and 
Neidig on the results of operation with a 
66-kv system equipped with three Petersen 
coils show the effectiveness of this installa¬ 
tion- The results which have been obtained 
with as much as 25 per cent of the system 
for which the coils were tuned, disconnected 
without retuning the coils are interesting, 
particularly as all cases of faults were suc¬ 
cessfully cleared in comparatively short 
times. 

In closing, the authors extend their ap¬ 
preciation for the many interesting discus¬ 
sions of this paper that were submitted. 
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The Fundamental Principles of Fluorescence 

By GORTON R. FONDA 

NONMEMBER AIEE 


F luorescence is a property of 
many substances. It consists of an 
emission of light under excitation by 
radiation whose wave length falls within 
a critical absorption band. When the 
emission persists for an appreciable period 
after the existing radiation has been ex¬ 
tinguished, it is known as phospho¬ 
rescence. 

At a low order of brightness fluores¬ 
cence is encountered in a great number of 
the organic products of our daily life, 
such as seeds, plants, woods, eggs, milk 
products, lubricating oils, print and paper. 
Their emission exhibits characteristic 
features that make it possible to deter¬ 
mine variations in quality and type. 1 
Indeed, fluorescence has even been de¬ 
veloped as a tool in microchemical 

analysis for the detection and estimation 
of several of the metals as well as of many 
organic compounds. 2 It appears also 

among many minerals. Especial in¬ 

terest, however, attaches to artificially 
prepared products. They include solu¬ 
tions, both liquid and solid, and also solid 
inorganic substances, such as sulfides, 
oxides, tungstates, and silicates. Fluo¬ 
rescent solids are generally known 

as “phosphors.” 

There are two striking characteristics 
that one notes in surveying the artificial 
products. One notices first that fluo¬ 
rescence is frequently associated with the 
presence of a foreign ingredient at a 
very low concentration. In inorganic 
phosphors this foreign ingredient is an 
appropriate metal at a concentration of 
one per cent or less. In organic dye 
solutions, which may be either liquid or 
solid, it is a dye at a concentration much 
less than one per cent, with the further 
limitation that that dye shall be one of a 
few whose selection depends upon the 
presence in its molecule of certain de¬ 
rivatives of benzene. 

This peculiarity of fluorescence as¬ 
sociated with the presence of a specific 
ingredient at low concentration suggests 
an analogy with the behavior of a vapor 

Paper number 38-57, recommended by the AIEE 
co mmi ttee on production and application of light 
and presented at the AIEE summer convention, 
Washington, D. C., June 20-24,1938. Manuscript 
submitted March 11, 1938; made available for 
preprinting May 13, 1938. 

Gorton R. Fonda is employed in the research 
laboratory of the General Electric Company, 
Schenectady, N. Y. 
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paper. 


or gas at low pressure within an enclosing 
tube. In both cases luminescence re¬ 
sults by illumination with the light of a 
critical wave length, and in both cases 
the luminescence formed decreases in in¬ 
tensity as the concentration of the effective 
element is raised, whether it be a foreign 
ingredient in a solid or the pressure of 
gas in a tube. In the case of a gas the 
phenomenon is known as “resonance 
radiation.” The illumination exciting 
it must have a wave length corresponding 
to an absorption band of the gas. In this 
way it induces resonance in the atoms or 
molecules of the gas, exciting them to 
such an extent through the absorption of 
energy that an electron is driven out to an 
outer orbit. The condition for this is 
that 

E =* kv 

where E is the energy of a quantum of the 
exciting radiation, and v is the frequency 
corresponding to the wave length at 
which energy can be absorbed to excite 
the atom to resonance. The lumines¬ 
cence arises from the return of the ex¬ 
cited electron to its normal orbit, and this 
return is accompanied by an emission of 
energy of the same frequency. Con¬ 
sequently, the luminescence is of the same 
wave length as that of the exciting radia¬ 
tion. 

The condition in a phosphor is more 
complex because the basic substance, 
whether solid or liquid, is itself made up 
of atomic groups at a relatively high con¬ 
centration, and completely enveloping 
the scattered, occasional particles of the 
active ingredient. This characteristic, 
however, is so far from breaking the 
analogy with resonance radiation in a 
gas at very low pressure that it actually 
serves to strengthen it by acting as basis 
for an explanation of the one outstanding 
difference between the two. The ex¬ 
planation is derived from the second ob¬ 
servation that becomes apparent to the 
investigator in his endeavor to pick out 
the salient features of fluorescence. It is 
the fact that the fluorescence is not mono¬ 
chromatic, as that of the exciting radia¬ 
tion may be, but extends over a broad 
band of the spectrum and, in general, is 
displaced to a position of longer wave 
length than that of the exciting radiation. 
This latter characteristic is known as 
Stokes’ Law. 


A survey of some characteristic features 
of resonance radiation will serve to bridge 
the gap between it and fluorescence, and 
to demonstrate the basis for the transi¬ 
tion to the condition described by Stokes’ 
Law. 

The simplest case is that of pure sodium 
vapor at very low concentration—so low 
in fact that the time during which an 
electron stays in an excited state shall be 
less than the time between collision of the 
excited atom with some neighboring 
atom. The luminescence of sodium 
vapor, such as is exhibited in the sodium 
lamp, is made up of the D-line doublet, 
5,890 angstrom units and 5,896 ang¬ 
strom units. The emission of this 
doublet, as illustrated in figure 1. is 
the result of the return of excited elec¬ 
trons from two energy levels lying close 
together, the 2 2 Pi/ a and the 2 2 Py 2 , to 
the lower normal level When 

the vapor is sufficiently low in pressure, 
only one of these lines can be excited as 
resonance radiation by the absorption of 
light of corresponding wave length. 
This is as theory would predict. When, 
however, the pressure is raised to 0.015 
millimeters, corresponding to a tempera¬ 
ture of 300 degrees centigrade, or when a 
fraction of a millimeter of hydrogen is 
introduced, both lines appear, even 
though the exciting radiation is limited to 
one line. This is due to a collision of 
some of the excited atoms with neighbor¬ 
ing atoms. Such a shock leads to an 
energy transfer sufficient to throw the 
excited electron into the closely adjacent 
energy level, for the energy difference be¬ 
tween the two states yielding the doublet 
corresponds to only 0.01 volt. The re¬ 
sult illustrates for a system as simple as 
sodium vapor how sensitive the character 
of its radiation is to the influence exerted 
by neighboring atoms upon one another, 
even while at a relatively low concentra¬ 
tion. 

The condition becomes more complex 
for a vapor such as iodine which is in the 
molecular rather than the atomic state. 
In iodine vapor the two atoms constitut¬ 
ing the diatomic molecule are free to 
vibrate back and forth with respect to 
one another, making various vibrational 
energy states possible. Furthermore, the 


low high 



Figure 1. Energy-level diagram for resonance 
radiation of sodium vapor 
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A —No helium 
B —Two millimeters of helium 
C —Ten millimeters of helium 


molecule can rotate about the axis uni ting 
its two atoms, thus giving rise also to 
various states of rotational energy. Con¬ 
sequently, there are not only the usual 


creases in the vapor pressure of the 
iodine, 3 as shown in the photographs of 
figure 2. 

These observations on resonance radia¬ 
tion illustrate how complications arise 
even in the gaseous state, as one passes 
from a monatomic to a diatomic vapor 
and from very low pressures to pressures 
of a few milHmeters. It can, therefore, 
be readily comprehended that, as the 
concentration of atoms and molecules is 
still further increased to such a point 
that their condition becomes that of a 
liquid or a solid, the mutual interplay of 
forces between them will become much 
more intricate and involved, and their 
effect still more pronounced on the char¬ 
acter of the emitted light The theoreti¬ 
cal development in recent years has, in 
fact, shown that the energy states in a 
solid can no longer be represented by a 
few lines of discrete energy values, as in 


propriate wave length, causing an elec¬ 
tron to make the jump from this localized 
level into the unfilled band. The con¬ 
sequence will be that an emission of 
fluorescence will occur, associated purely 
with this impurity atom. The excited 
electron will descend by a series of thermal 
interchanges to the bottom of the un¬ 
filled band. Consequently, the energy 
emitted by its return from this point to 
its normal state will be lower than the 
energy of excitation, and the resulting 
fluorescence will be displaced toward 
longer wave lengths. 

Complicating features due to the 
proximity of neighboring atoms of the 
solid have the effect of broadening the 
emission into a band. The cause of this 
effect, as well as the extention to longer 
wave length, can be more clearly dis¬ 
cerned by consideration of the Franek- 
Condon Principle. 


number of electronic energy levels, but a monatomic gas at low pressure, or even 


each one of these levels is subdivided into 
additional ones corresponding to the 
possible vibrational energy states, and 
each one of these is subdivided again into 
a series of rotational energy levels. For 
iodine vapor the case is rendered so com¬ 
plex by these features that its pure reso¬ 
nance spectrum no longer consists of a 
single line but of a succession of doublets. 

A more significant feature, however, is 
shown by an increase in pressure sufficient 
to lead to collision of excited iodine niole- 
cules with neighboring molecules. The 
resulting energy interchange is such as to 
shift the excited electrons to adjacent 
vibrational and rotational states. Con¬ 
sequently, when the electrons return to 
their normal orbit, it will no longer be by 
a succession of definite, specific jumps, 
leading to an emission of clear-cut dou¬ 
blets, but rather by jumps of variable 
magnitude, the energy of each of which is 
determined by that of the abnormal ex¬ 
cited state attained in the collision. 
These states are so close together that the 
resulting emission can no longer be re¬ 
solved into lines, but appears as con¬ 
tinuous radiation arranged as bands at 
the location of the expected doublet. 
There is still another effect asso cia ted 
with high pressure. As the result of 
collision, the excited electron itself loses 
energy on its return to the normal orbit, 
leaving a smaller amount available for 
emission as light. Consequently, the 
emission is displaced toward the red. 
Both of these effects, so characteristic of 
fluorescence, the broadening of the 
emitted radiation and its displacement 
toward the red, were produced in the 
resonance spectrum of iodine vapor by the 
introduction of helium, as well as by in- 


by large groups of lines corresponding to 
the vibrational and rotational states of a 
diatomic gas. The interplay of forces 
between atoms as contiguous as in a solid 
is so manifold that each group of elec¬ 
tronic levels becomes packed with many 
lines and develops into what is vir tually 
a continuous band of energy. This con¬ 
dition is illustrated in figure 3 by contrast 
with that for a vapor already brought out 
in figure 1. A detailed discussion of the 
situation is given in a recent review by 
Seitz and Johnson. 4 

In figure 3 two such bands are shown. 
The lower one represents the outermost 
energy state under normal, unexcited 
conditions. The upper is referred to as a 
"normally empty band.” It represents 
the energy state into which an electron 
would be driven if excitation could occur. 
In solids which are insulators at room 
temperature, the bands are so far apart 
in energy content that the available proc¬ 
esses for excitation are insufficient to 
raise an electron from the filled band to 
the upper unfilled one. The case be¬ 
comes different, however, if in some way 
a localized state may be inserted between 
the two bands. Such a condition is 
produced for instance when a small 
amount of. an impurity is dissolved in 
the crystal. Some of the energy states 
of this impurity will of course fall within 
the normal banded levels of the solid, 
but under appropriate choice the upper¬ 
most filled level of the impurity will ap¬ 
pear as a discrete, localized state, lying 
above the filled band of the crystal, as 
shown in figure 3. Its position with 
reference to the upper unfilled band of the 
solid, can be assumed to be such as to 
allow of excitation under radiation of ap- 


In the diagram of figure 4 the abscissae 
denote the distance between an atom of 
the foreign metal and, for simplicity's 
sake, one of its neighbors. Due to ther¬ 
mal vibrations and under the alternate 
forces of attraction and repulsion, the 
distance between the atoms will vary 
periodically so that the potential energy 
may be represented by the ordinates of 
the two curves, N for the normal condi¬ 
tion of the metal atom, and E for its 
excited state. Consider that the vibra- 
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Fisure 3. Energy bands for a solid 



Figure 4. Excitation and emission of a phos¬ 
phor according to Franck-Condon Principle 
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Table I. Fluorescence of Rhodamine B 
at Various Concentrations in Cellulose 
Acetate Films 




Yield of 


Peak 

Fluorescence 

Molar 

Wave Length 

(Per Cent 

Fluorescence 

of Radiant 

Concentration 

(Angstrom Units) 

Energy) 

4(10) “•. 

.5,900. 

_5.4 

4(10) -•. 


... .28.3 

4(10) “*. 

.6,050. 

....44.0 

4(10)-*. 

.6,210.: 

.6,250. 

.... 4.6 

3(10)-*. 

.... 1.0 


tion is such as to lead to maximum os¬ 
cillations between the points C and A. 
The Franck-Condon Principle prescribes 
that the time of excitation is so short as 
compared with the time of vibration that 
a transition from the lower to the upper 
level will take place along a vertical line, 
such as CC l . While in the excited state 
vibrations will continue between points 
of equal potential energy, such as C' and 
A\ As the duration of the excited state 
persists over a finite time, the return of 
the electron to its normal position may 
be represented as occuring from any posi¬ 
tion along the curve E between the points 
C and A'. It is an inherent feature of 
the Franck-Condon Principle that the 
curves E and N shall have the different 
shapes shown in figure 4 as representative 
of the difference in the interplay of forces 
between an atom and its neighbors, de¬ 
pending upon whether the atom is in the 
normal or excited state. Consequently, 
the energy emitted by the return of the 
electron will not be equal to the energy of 
excitation, represented by the line CC 
but will have a succession of lower energy 
values depending upon the point on curve 
E from which its return starts and ex¬ 
tending as low as the transition A'a. 
Such a process would therefore yield a 
continuous band of emitted fluorescence 



Figure 5. Absorption and emission spectra 
of potassium bromide activated with 0.003 
per cent thallium (From W. von Meyeren, 
Z. Phys v 61, 321,1930) 
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extending to longer wave lengths than 
that * of the exciting monochromatic 
radiation. This viewpoint has been 
given quantitative treatment by Seitz 5 
for the case of the halide phosphors, de¬ 
veloped experimentally by the school of 
Pohl and Gudden. 6 

It has been convenient to visualize the 
localized state as one induced by the 
presence of an impurity atom. It is 
conceivable, however, that it might be 
realized in other ways leading to ir¬ 
regularities in the lattice, such as by de¬ 
partures from stoichiometric proportions 
in the composition of the solid, by a 
low concentration of an allotropic form 
of the solid, by the dispersion of the active 
molecules in a solution, or by their ad¬ 
sorption in dispersed form on a solid. 
In the discussion that follows of various 
types of fluorescence, the question is to 
be kept always in mind—what is the 
feature that serves as source of fluores¬ 
cence by introducing a foreign condition 
into a solid or liquid? 

Fluorescent Organic Bodies 

There are many organic compounds 
which exhibit a low fluorescence. Ben¬ 
zene can be taken as an example. As a 
vapor it can be excited by illumination to 
yield a purely resonance radiation, also 
termed fluorescence, consisting of a 
succession of narrow bands arranged in 
groups. At doser proximity of its mole¬ 
cules, such as in the solid or liquid con¬ 
dition at zero degrees centigrade or in 
solution in alcohol, the subsidiary bands 
of a group agglomerate into a broad band, 
and these bands become displaced 
toward longer wave lengths, a trend that 
becomes still more pronounced as the 
concentration of a solution is increased. 
The same observation has been made for 
all aromatic substances studied, as well 
as for benzene, namely, that the fluores¬ 
cence bands are displaced to longer wave 
lengths as the physical state is changed 
from a vapor to a liquid or solid solution. 7 
The results serve again to illustrate the 
transition from pure resonance radiation 
to fluorescence, involving the broadening 
of bands and the shift in wave length 
that are consequences of slight increases 
in concentration. In this type of sub¬ 
stance the active group seems to be the 
molecule itself of the compound, for the 
fluorescence is virtually extinguished at 
such high concentrations as are present in 
a pure liquid. It appears at its best in 
dilute solutions or in an adsorbed film at 
high dispersion on cellulose or silk fibers. 
Variations in the character of this type of 
fluorescence have been particularly ap- 
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Figure 6. Absorption and fluorescence spectra 
of rhodamine in alcohol solution (From A. 
Poristky, Joum. Frankl. Inst, 197, 527/1924) 

plied by Haittinger to a system of or¬ 
ganic analysis. 2 

A much higher intensity of fluorescence 
is exhibited by certain of the organic 
dyes. It appears only in liquid and solid 
solutions, and is completely absent in 
the pure, solid dye. Rhodamine can be 
taken as a typical example, especially 
because it was one of the first to be con¬ 
sidered for commercial application in 
fluorescence from a proposal made by 
Cooper-Hewitt. 8 Its fluorescence can be 
excited by the ultraviolet, but is more 
generally excited through radiation with 
green light lying within the range of its 
absorption band. The relation between 
this band and the fluorescence is brought 
out in figure 6. Each is seen to be 
roughly the mirror image of the other. 
The full fluorescent spectrum is excited 
by any wave length lying within the 
absorption spectrum. 9 As the concen¬ 
tration of the solution is increased, the 
band of fluorescence passes through an 
optimum in intensity and at the same 
time is displaced toward the red, as 
brought out in table I for films of 
rhodamine B in cellulose acetate ex¬ 
cited by the mercury green line. 10 The 
concentrations given apply to the al¬ 
coholic solution before evaporation to 
yield the solid film. 

The existence of an optimum intensity 
of fluorescence at a critical concentration 
has been found to be a characteristic 
common to the solutions of all such dyes 
and to fit the Brunighaus equation 11 
I = kce~~ Bo f where I denotes the intensity 
of fluorescence and c the dye concentra¬ 
tion. The decrease in fluorescence be- 
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yond the optimum value is presumably 
due to the increase in probability of col¬ 
lision between excited and normal dye 
molecules. 

The energy of an excited molecule may 
of course be dissipated by collision with 
any molecules capable of resonating with 
it. This influence is shown by a wrong 
choice of solvent, which either lowers the 
fluorescence or destroys it utterly. 10 ’ 12 
It is also shown by the addition of certain 
foreign materials which reduce the fluores¬ 
cence even though they are chemically 
inert. 7 * 13 

At the optimum concentration of 
rhodamine, as shown in table I, the ef¬ 
ficiency of conversion of the mercury 
green line into fluorescent energy cor¬ 
responds to the production of one quan¬ 
tum of fluorescent energy by the action 
of 1.6 quanta of absorbed energy, a con¬ 
version that is approaching closely that 
which would be theoretically attainable. 

Fluorescent Inorganic Substances 
Containing Metallic Activators 

Mention has already been made of the 
alkaline halide phosphors developed by 
the school of Pohl and Gudden. 6 
Fluorescence is absent in the pure halides 
but appears when a trace of thallium is 
introduced. The characteristics are pre¬ 
sented in the curves of figure 5 for the 
typical case of potassium bromide. The 
presence of the thallium gives rise to two 
new absorption bands. Fluorescence is 
excited by radiation of any wave length 
lying within these bands. It seems dear 
therefore that the fluorescence arises 
from exdtation of the thallium, and the 
theoretical treatment by Seitz 5 furnishes 
a quantitative basis for this condusion. 

In the experiments described the 
amount of thallium in the halides was 
limited to very small concentrations that 
would not interfere with the formation of 
single crystals. The writer has investi¬ 
gated the effect of larger amounts in 
microcrystals. In general an optimum 
concentration was found, as is brought 
out in table II for the case of caesium 
iodide exdted by the mercury line 2,536 
angstrom units. 

The dependence of fluorescence upon 
the presence of a foreign metal at low 
concentration is exhibited in other in¬ 
organic materials. For the alkaline earth 
sulfides and zinc sulfide, extensively in¬ 
vestigated by the school of Tenard, 14 
these activators indude manganese, cop¬ 
per, silver, antimony, lead, and bismuth. 
The pure sulfides, with the possible ex¬ 
ception of zinc sulfide, are devoid of 
fluorescence in the absence of an activator. 
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The color of their fluorescence varies 
with the activator used. The fluores¬ 
cence increases to an optimum value at a 
critical concentration of the foreign metal 
and decreases to extinction at higher con¬ 
centrations, just as for the halides. 

Many of the oxides also may be made 
fluorescent by addition of a foreign 
metal. Caldum oxide is a typical case. 
It is activated by manganese, copper, 
lead, bismuth, and antimony, each yield¬ 
ing a different color. In the extensive 
investigation by Ewles 15 an optimum con¬ 
centration was found for each of the last 
three metals. 

The existence of an optimum content 
of a foreign metal in these diverse types 
of inorganic compounds is obviously re¬ 
lated to the effect of an optimum con¬ 
centration in solutions of dyes. The fact 
that the fluorescence reaches a saturated 
value and then decreases for larger 
amounts of the metal signifies again that 
an activated atom can lose its energy 
when a neighboring atom of the metal 
approaches it too closely. Unpublished 
observations by the writer on related 
effects indicate that this loss is due to 
the thermal vibrations of the atoms, and 
that its extent depends upon the ampli¬ 
tude of these vibrations. 

Manganese finds very extensive use as 
an activator. Besides the sulfides and 
oxides, it has been found also to activate 
certain sulfates, phosphates, and sili¬ 
cates. 16 In the case of zinc silicate, the 
writer has found that the fluorescence is 
displaced toward the red as the concen¬ 
tration of manganese is increased, as 
brought out in table III. 

This result is important in that it 
demonstrates that the same effect is 
observable in the fluorescence of inor¬ 
ganic solids as in that of organic solutions 
and in the resonance radiation of vapors— 
namely, a shift in the emitted radiation 
to longer wave lengths that accompanies 
an increase in concentration of the active 
ingredient. 

A natural query arises as to the condi¬ 
tion in which the foreign metal activator 
is incorporated in the basic substance. 
Experiments by the writer on X-ray 
analysis of zinc silicate phosphors have 
demonstrated that manganese atoms 
enter into the crystal as integral parts by 
substitution for occasional zinc atoms. 
The result is a slight extension in lattice 
spacing, due to the larger size of the 
manganese ion, as compared with the 
zinc. 

In a different way Riehl has arrived at 
the same conclusion for zinc sulfide ac¬ 
tivated with copper. 17 The crystals of 
the phosphor were treated with hydro- 
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Table II. Fluorescence of Caesium Iodide 
Activated With Various Percentages of 
Thallium 


Percentages of 
Thallium by Weight 

Relative 

Fluorescence 

0.07. 


0.22. 


0.37. 

..84 

1.11. 


8.70. 

. 5 


Table III. Effect of Manganese Concentration 
Upon the Color of Fluorescence in Zinc 
Silicate Phosphors 


Percentage of Peak in Fluorescence 

Manganese (Angstrom Units) 


0.1.5,270 

0.4.5,280 

0.9.5,290 

1.4 .6,310 

2.3.5,330 

4.5 .6,350 


chloric acid so as to dissolve them slowly. 
As they became smaller, however, the 
fluorescence characteristic of copper ac¬ 
tivation continued and persisted almost 
up to complete solution. This is direct 
evidence that the copper had penetrated 
the lattice rather than formed as an ad¬ 
sorbed layer on the surface. 

There are many natural minerals that 
fluoresce, one of the most notable being a 
variety of willemite from New Jersey 
known as Franklinite. So far as these 
minerals have been investigated, they 
have been found to contain a foreign 
metal impurity as source of the fluores¬ 
cence. 7 

The fluorescent glasses fall in this same 
classification, for their luminescence under 
radiation is due to activation by a foreign 
metal at very low concentration. It may 
be uranium or even one of the common 
metals such as manganese. 18 

Fluorescent Inorganic Salts 
Free of Metallic Activators 

In this class there are several types of 
salts whose fluorescence has been found 
to be due to the presence of an abnormal¬ 
ity, again at low concentrations. It , 
may be a foreign add radical. The 
fluorescence in bone and teeth, for in¬ 
stance, seems to be associated with the 
presence of about two per cent of an or¬ 
ganic compound, for it disappears when 
they are fired at 600 degrees centigrade. 
Furthermore, it can be produced arti¬ 
ficially by the incorporation in caldum 
phosphate of a small amount of an organic 
product. 10 Doctor Byler of this labora¬ 
tory [General Electric Company, Sche- 
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nectady, N. Y.] has just shown that the 
fluorescence of calcium phosphate may 
also be induced by incorporating a critical 
amount of the acid phosphate in the 
hydroxy phosphate, and that similar 
complex salts of other metals can be 
formed at such critical compositions that 
fluorescence results. 20 

A related case is that of zinc carbonate 
which developed fluorescence when it 
had been fired sufficiently to bring about 
partial decomposition into the oxide. An 
optimum fluorescence resulted at a com¬ 
position of 11 molar per cent zinc oxide 
combined with 89 molar per cent zinc 
carbonate. 21 

Still another type of abnormality is 
represented by the presence in a salt of a 
small amount of an allotropic modifica¬ 
tion of that same salt. Doctor Byler 
developed fluorescence in barium chloride, 
for instance, by firing it for a short time 
just above its transition point. Another 
instance is furnished by the long contro¬ 
versy over the fluorescence of zinc sulfide. 
The variations in the intensity and color 
of its fluorescence that have been pro¬ 
duced by altering the amount and kind of 
a foreign metal impurity demonstrate 
that activation of zinc sulfide by a foreign 
metal actually exists. However, a low 
degree of blue fluorescence arises on firing 
zinc sulfide to which no metallic impurity 
has consciously been added. There is a 
suspicion that this arises from the pres¬ 
ence of a residual impurity which the 
chemical purification has not been capable 
of removing. Schleede, however, has 
demonstrated that the fluorescence of the 
pm-ported pure zinc sulfide is at a maxi¬ 
mum after a brief firing at 1,000 degrees 
centigrade, which served to convert a 
part of it from the cubic to the hexagonal 
form. He concluded that the fluores¬ 
cence arose from this intermixture of 
different crystalline types, for it dis¬ 
appeared under slightly higher firing at 
temperatures most suitable for the de¬ 
velopment of fluorescence in the presence 
of foreign metals. 22 He ascribed the loss 
in fluorescence of the pure sulfide at such 
temperatures to its complete conversion 
to the hexagonal form. 
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There are many metals which can be 
identified by the fluorescence of their 
salts, most especially those with certain 
organic acids. In general, however, this 
fluorescence is observed as adsorbed films 
on a suitable base, such as filter paper, or 
in solution. It would seem to be due, 
therefore, to a fluorescence of the mole¬ 
cule under the condition of sufficient dis¬ 
persion to prevent disturbances by colli¬ 
sion. 2 

There are, however, other cases in 
which fluorescence is associated with pure 
inorganic solids which are not yet known 
to contain any abnormalities. Such are 
the salts of the rare earths and of the 
uranyl radical and also the tungstates and 
molybdates. 14 It is reasonable to ex¬ 
pect that the presence of some abnor¬ 
mality will eventually be found in them 
also. 

Phosphorescence 

The light emitted during radiation by 
the exciting source is known as fluores¬ 
cence. In many cases the fluorescent 
substance continues to emit light after 
the exciting source is extinguished. 
Such a delayed emission of light is known 
as phosphorescence. The two are in¬ 
timately related as manifestation of the 
same fundamental phenomenon, namely, 
excitation of an atom. When the ex¬ 
cited electron returns directly to its nor¬ 
mal orbit, simply fluorescence is observed 
as the result of what Lenard calls an in¬ 
stantaneous process. When, however, 
the return of the electron is for any reason 
delayed, thus giving rise to phosphores¬ 
cence, then, by way of distinction, Lenard 
refers to it as the result of a delay process. 

Actually fluorescence may persist for 
an instant, of the order of 10 ” 8 second, 
after the exciting source is extinguished. 
When no luminescence beyond this period 
is observed, then one can be assured that 
the instantaneous process is the only one 
involved. When phosphorescence is 
manifested, however, it is clear that both 
processes are going on simultaneously 
during direct illumination. Their rela¬ 
tive proportions in two different phos¬ 
phors can be estimated by measuring the 
rates at which their phosphorescence de¬ 
cays after extinction of the exciting light. 
If one substance shows a sharp initial de¬ 
cay, less than about 10“* second, such as 
that represented by the first portion of 
curve *4 in figure 7, to be followed by a 
slow decay which begins at low intensity, 
then it is dear that the light emitted 
from it during illumination is produced to 
a relatively greater extent by the instan¬ 
taneous process. 
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The delay process itself is characterized 
by differences in the speed with which it 
is carried out. This is manifested by dif¬ 
ferences in the character of the decay 
curve. In figure 7, for instance, even 
though the delay process is predominant 
in B t yet the speed of its decay is rela¬ 
tively so high that its phosphorescence has 
fallen to zero at a time when the longer 
life phosphorescence from A is still ob¬ 
servable. 

In the case of a sulfide phosphor, there 
are generally three different types of 
phosphorescence, each exdted by a nar¬ 
row band of differing spectral distribu¬ 
tion. The instantaneous process giving 
rise to fluorescence is exdted by abroad 
band whose spectral distribution indudes 
all of the narrower bands which lead to 
phosphorescence. The halides offer a 
contrasting case. In them there are two 
distinct absorption bands, as brought out 
in figure 5. Excitation by the one of 
longer wave length yields only fluores¬ 
cence, whereas excitation in the shorter 
band leads to both fluorescence and phos¬ 
phorescence as well. 
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A Memory Attachment for Oscilloscopes 


By W. E. PAKALA 

ASSOCIATE AIEE 


T HE DEVICE described in this 
paper, called a “memnoscope,” is a 
system for obtaining an oscillogram of 
random phenomena and events immedi¬ 
ately preceding and following its occur¬ 
rence. 

This system was developed and has 
been used to study arc-back phenomena 
in mercury-arc rectifiers. Other meth- 


RECTIFIER 



delay machine 

Figure 1. Memnoscope: A system 
oscillograms of random events 


for 


ods, such as the use of long tr ansmiss ion 
lines and high-persistence cathode-ray 
tube screens 2 have been used to obtain 
oscillograms of random phenomena. 

It is possible to obtain volt-current- 
time data on one film because the dis¬ 
charge of each condenser element of the 
memnoscope gives a dot on the oscillo¬ 
scope record and a knowledge of the com¬ 
mutator speed and number of condensers 
gives time (see figure 4a). Information 
on random transmission-line faults can 
be obtained from normal conditions, 
through fault time and back to normal. 

Description of Complete System 

In figure 1 is shown a rectifier which is 
a source of a random 1 occurrence com- 

Paper number 38-95, recommended by the AIEE 
committee on instruments and measurements and 
presented at the AIEE summer convention Wash¬ 
ington, D. C., June 20-24, 1938. Manuscript sub¬ 
nutted October 26, 1937; made available for pre¬ 
printing May 27, 1938. pr * 

W. E. Pakala is a research engineer for the West- 
EtTttsSp. Manufacturing Company. 

2. For all numbered references, see list at end of 
paper. 
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monly known as arc-back. If it is desired 
to obtain an oscillogram of conditions in 
a rectifier immediately preceding and 
following the arc-back, a system as shown 
in figure 1 can be used. 

The grid of the thyratron is excited by 
the random phenomenon and the plate 
current opens the camera shutter. A 
picture is obtained of the motion of the 
spot on the cathode-ray-tube screen. 
Since the motion of the spot is deter¬ 
mined by potentials of the rotating ca¬ 
pacitors and if rotation is as shown in 
the figure, the picture taken will be of 
events occurring prior to the time the 
random phenomenon occurred. The 
heart of the system is the rotating ca¬ 
pacitor network designated in figure 1 as 
“delay machine.” 

Construction of Delay Machine 

To obtain satisfactory oscillograms at 
60 cycles, for the conditions investi¬ 
gated, a machine with 147 capacitors was 
constructed. This machine was built 
using a standard commutator with 147 
bars and 147 0.01-microfarad capacitors 
mounted around the shaft. One terminal 
of each capacitor was connected to a com¬ 
mutator segment; the other terminal was 
connected to a collector ring. The whole 
assembly was balanced and then mounted 
in a standard motor frame of suitable 
size. The size of the completed capaci¬ 
tor unit, which is the machine in the fore¬ 
ground, and the driving motor can be seen 


from figure 2. The capacitors are of the 
commercial paper-wax tubular type, l / 2 
inch in diameter and one inch long. 

The brushes are mounted close to¬ 
gether in order to utilize as many of the 
total number of capacitors as possible. 
With rotation as shown in figure 1, I is 
the input brush, S is the short-circuiting 
brush, and 0 is the output brush. 

Operation of Machine 

Assume the direction of rotation as 
shown in figure 1 and a voltage E (t) across 
the input terminals. The resistance and 
inductance of the input circuit are neg¬ 
ligible; then the capacitor, Ci, at the 
same time it leaves the brush I will be 
charged to a voltage E (ti). After a 
time very nearly 1/rps seconds (the delay 
time) this capacitor, Ci, will be under 
brush 0 and the voltage E (ti) can be 
recorded. Before C\ can reach the in¬ 
put brush again, it is discharged by the 
short circuiting brush S bringing E (/ x ) to 
zero and Ci is ready for another transfer 
of charge. 

All the capacitors C h C 2 , C 8 , C 4 . 

transfer their specific charges once per 
revolution and a stepped wave E'(t) is 
obtained at the output end. This wave 
is 1/rps second behind the wave E(t). 
The number of electrical degrees per step 
is 0 — f/rps X 360/6. Where / = fre¬ 
quency and b = total number of capaci¬ 
tors in the machine. For 1,800 rpm and 
a 60-cycle wave 0 — 4.90 degrees. This 
means that there will be 73.5 steps per 
cycle of a 60-cycle wave. 


Figure 2. Apparatus as used to obtain pic¬ 
tures. The larger machine contains rotating 
capacitor network 
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The delay time is that of one revolution 
of the commutator corrected for the total 
span for the three brushes. In this case 
it is t m = l/rps X 142/147 = 0.0322 
second for 1,800 rpm. This time is 
nearly two cycles of 60-cycle frequency. 

Oscillograms, figure 4, have been ob¬ 
tained using a cathode-ray tube, with the 
output voltage connected directly to the 
plates. The input voltage required un¬ 
der these conditions is 50 volts for one- 
incli deflection on the cathode-ray-tube 
screen. 

The machine can be used with the mag¬ 
netic-type oscillograph if a suitable coup¬ 
ling means is used between the output of 
the machine and the oscillograph. By 
using more than one group of three 
brushes on the commutator, more than 
one picture can be taken at the same 
time. Also, more than one commutator 
can be mounted on the same shaft if 
more records are required. 

Response Characteristics— 

Input End of Network 

Equation 5 (see appendix) indicates 
that if a wave definition p (number of 
steps per cycle of highest frequency to be 
reproduced) is required, the RC product 
should be decreased as the frequency 
desired is increased. It is desirable to 
use as small a value of resistance in the 
input circuit as possible. If a resistance 
potentiometer is used to supply voltage 



i t— 

l 


Figure 3. Distortion due to output brush 
making contact to more than one capacitor at 
a time 

to the network, the resistance of this 
input device is to be included in deter¬ 
mining the frequency response. 

It is also advantageous to use a sub¬ 
tended brush angle of such a value that 
only one or two capacitors are in the 
brush circuit. The value of C, in equa¬ 
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tion 5, is the total capacity under the 
input brush. 

It is not difficult to obtain good re¬ 
sponse as far as the RC value is con¬ 
cerned. The value of p } which deter- 



e f 

Figure 4. Oscillograms obtained with mem- 
noscope 

(a) —60-cycle transient 

(b) —Wave as in figure 3a obtained without 

machine 

(cO—Same wave as (b) with machine 

(c) , (e), (0—Arc-back oscillograms of anode- 
to-cathode voltage of a mercury-arc rectifier 

mines the definition of the wave, is more 
important since the maximum frequency 
which can be transmitted by the net¬ 
work is determined by the number of 
capacitors required per cycle to make the 
frequency recognizable in the output 
circuit. These considerations determine 
the product pf. After the value of pf 
is chosen, the maximum value RC, which 
may be used as far as the input circuit is 
concerned, can be obtained from equa¬ 
tion 5. 

The Output End of Network 

If contact is made at all times to not 
more than one capacitor, the output volt¬ 
age wave into the receiving device will 
not be distorted provided p, the number 
of capacitors per cycle, is of sufficient 
number for the frequency transmitted. 

If, however, the output brush makes 
contact with more than one capacitor at 
a time, then there will be a division of the 
charge and distortion will result. The 
effect of double contact can be seen from 
a consideration of a wave distribution 
as shown in figure 3 a. 

The action is as follows: 

At t — 0 the voltage on capacitor Ci 
(see figure Zb) is Ei. At the time contact 
is made to C 2 , the voltage at the receiving 
device should be equal to zero according 
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to point 2 on figure 3a. However, if the 
brush makes contact to Ci at this time, 
as well as to C 2 , C 2 will be charged to a 
voltage Ess = Ey 2 . This transfer of 
charge by the brush continues and a dis¬ 
torted wave as shown in figure 3c will be 
obtained rather than the correct wave, 
figure 3a. 

If a high-resistance brush material is 
used, the wave distortion will be reduced. 
Calculation shows that the resistance 
through the brush from bar to bar would 
have to be 1.25 X 10 6 ohms in order to 
make E 2 only one per cent of E\ for the 
time h used in this machine. A portion 
of this resistance would occur in the out¬ 
put circuit and distortion there would be 
enhanced. 

Equation 7 in the appendix is for the 
wave from t = 0. This equation indi¬ 
cates that the maximum distortion oc¬ 
curs when contact is made to two bars at a 
time. For contact to more than two bars 
at a time, the distortion is reduced slowly; 
that is, as the log of a function of the num¬ 
ber of bars spanned by the brush. Con¬ 
tact to only one bar at a time is best for 
minimum distortion. 

The Short-Circuiting Brush 

This brush circuit should have low re¬ 
sistance and inductance. Increasing the 
number of bars spanned by this brush 
does not affect the time constant unless 
the resistance is decreased in proportion. 
Brushes mounted axially with the com¬ 
mutator and separate and short leads 
from each brush to the.common side of 
the circuit is possibly the best way to 
discharge capacitors. 

Results With Memnoscope 

Figure 4 shows the type of films ob¬ 
tained with the camera using a cathode- 
ray tube with a blue-trace screen. 

Figure 4a shows a 60-cyde transient 
crossing the cathode-ray-tube screen two 
times. Each dot on the film represents 
the voltage of a capacitor. 

Figures 4& and 4 d are for waves of the 
type in figure 3a. These pictures were 
taken, respectively, without and with 
the memnoscope. They represent, the 
anode-to-cathode voltage pf an ignitron 
operating from a 60-cycle source of power. 

Figures 4c, 4e, and 4/ are oscillograms 
of random arc-backs of a rectifier. The 
films show anode-to-cathode voltage 
changing from normal inverse voltage 
to an arc-back. Films c and / show that 
the arc-back occurs near the crest of the 
wave, and e shows one starting at one- 
half crest voltage. 
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Value of Memnoscope in Research 

The memnoscope has proved its value 
in rectifier research. The opinion has 
been that arc-banks in rectifiers occurred 
only during transition time. Oscillo¬ 
grams obtained with the memnoscope 
show that arc-backs do occur at other 
times during the inverse cycle. Oscillo¬ 
grams have given information which has 
led to improved designs and to very sub¬ 
stantial increases in the ratings of igni- 
trons. 


Appendix 


The time of contact k, see figure 3b, m 
terms of commutator bar, brush, and in¬ 
sulation dimensions is 


w + 5 
(rps)bl 


( 6 ) 


Using this value for k we can write (5) 
in terms of the dimensions, speed, and 
number of bars. 

If contact is made at the output end to 
more than one capacitor at a time distor¬ 
tion will occur. If we consider an input 
wave as shown in figure 3a, and contact to 
two capacitors at a time, the output wave 
will be as shown in figure 3c. 

This wave can be represented by equation 
(7), assuming Ci =* G “ Ct, etc., and a 
brush of negligible resistance 


To determine the frequency, response at 
the input end, we may use the equation for 
voltage across a capacitor charged through 
a resistance f. If the input voltage is E 
cos (2 v ft + <p) the voltage at any time t 
is, if charge on C — 0 at t = 0 


E 

e ‘ ~ 2-rfCZ 
where 

. ( 1 ) 


£ S ^ 1 


(27i rfi + <f>) — sin 0-6 rc 


f 


\f/ = phase of E at i «= 0 

In this case the voltage impressed on the 
capacitor depends on the input voltage at 
the time contact is made. If the time dura¬ 
tion of contact is k, when the brush leaves 
the capacitor being charged, the voltage 
on the capacitor will be 


r. 


E 

2r/CZ |j 


sin (2irfk + <p) — sin <f>-e 


( 2 ) 


k, the time duration of contact in terms of 
the frequency /, and p, the number of 
capacitors per cycle is 



and 


(3) 


h 1 

rc “ pfrc W 

Substituting in (2), e c becomes 
E 

e c = “7 X 

VI .+ (2irfrc) 2 

(" sin (jp + “ sin (5) 

This equation shows that a phase distortion 
and an amplitude distortion can occur. 
Since p must be made sufficiently large to 
give a recognizable wave, when the fre¬ 
quency desired is increased, the rc value 
must be decreased ini order to make both 
the second term under the radical and the 
second term in the brackets negligible com¬ 
pared to other terms in the above equation, 
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l0 « 2 (7) 

where E n is the voltage of the nth capaci¬ 
tor, and n = 1 for Ci, n = 2 for C%, etc., and 
Ei — constant. This gives an exponential 
curve for the output end, instead of a ver¬ 
tical line as desired. 
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Discussion 

H. P. Kuehni (General Electric Company, 
Schenectady, N. Y.): In the device de¬ 
scribed in this paper an electrical phe¬ 
nomenon to be recorded is first impressed on 
a set of rotating capacitors which are con¬ 
nected to commutator segments. Each 
capacitor is charged through the input 
commutator brush to a potential propor¬ 
tional to that of the electrical phenomenon 
at the time of brush contact. By means of 
a second commutator brush, which is ad¬ 
vanced in the direction of rotation, the 
charged capacitors consecutively are con¬ 
nected to the oscillograph, thus recording 
in steps the event a definite time after its 
occurrence. 

The accuracy of reproduction and fre¬ 
quency response of this device are largely 
functions of the number and size of the 
capacitors used, the speed of rotation, and 
the input and output circuit time constants, 
as well as the energy available from the 
circuit to be studied. For practical and 
economic reasons the number of capacitors, 
commutator segments, and speed of rota¬ 
tion obviously are quite limited. In the 
author’s machine 147 0.01-microfarad ca¬ 
pacitors were driven at a speed of 1,800 
rpm. Under these conditions a 60-cycle 
wave is reproduced with 73.5 steps of 4.9 
electrical degrees per step. However, a 600- 
cycle wave, for example, would be repro¬ 
duced considerably distorted by only 
7.35 steps with 49 electrical degrees per 
step. It is to be expected, therefore, that 
even though the circuit time constants 
can be made small to satisfy the response 
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requirements, the limited practical num¬ 
ber of capacitors and commutator seg¬ 
ments render this type of recording device 
suitable for moderate frequencies only. 
It is questionable whether a device of this 
type can be built economically for high- 
frequency response as required, for example, 
in the recording of surges of short duration, 
switching transients, and the like. 

For the recording of random phenomena 
Doctor A. W. Hull 1 made use of the after¬ 
glow of the fluorescent cathode-ray-tube 
screen. The recording photographic cam¬ 
era, being triggered through a thyratron 
by the disturbance itself, photographs 
the afterglow of the cathode-ray trace or the 
so-called tube screen “memory” of the 
event. The screen substance willemite, 
which is widely used in commercial cathode- 
ray tubes, has an afterglow of approxi¬ 
mately 1 /20 second which is ample time for 
the camera to catch. An automatic three- 
tube cathode-ray oscillograph built on the 
screen “memory” principle has been in 
continuous and highly successful use for 
nearly two years in the General Electric 
Company for the study of random phe¬ 
nomena pertaining to power rectifiers and 
tube circuits. The cathode-tube screen 
afterglow can, of course, be used with any 
cathode-ray oscillograph providing the 
tube voltage is sufficiently high to produce 
a recordable trace of the transient. With 
the General Electric high-speed hot-cathode 
type-«ETC-15 cathode-ray oscillograph, 2 using 
a 15,000-volt permanently sealed glass 
cathode-ray tube, successful photographic 
memory records were obtained in experi¬ 
mental work of a transient as fast as a 1 X 
5-microsecond impulse wave by triggering 
the camera with a relay energized from a 
charged capacitor through a thyratron 
fired by the impulse itself. The cathode- 
ray tube “memory” principle has practically 
unlimited frequency response and outside 
of a simple relay, capacitor thyratron cir¬ 
cuit, and a camera, no extra equipment is 
needed. It is believed doubtful that the 
author’s capacitor device can be made to 
have as wide a frequency range as the sim¬ 
ple memory principle described by Doctor 
Hull. 
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W. E. Pakala: Mr. Kuehni has questioned 
the economical use, at high frequencies, of 
the rotating capacitor network for memory 
oscillograms of random events, and men¬ 
tions the use of high-persistence cathode- 
ray tubes for memory oscillograms. 

The machine described was designed to 
give information as to conditions existing 
for two to four cycles prior to random 
arc-back in a mercury-arc or ignitron rec¬ 
tifier operating from a 60-cycle power 
source. For these conditions the capacitor 
machine has been very useful, and entirely 
satisfactory. 

In the cathode-ray-tube method of ob¬ 
taining “memory” oscillograms of random 
events, it is necessary to keep the tube fully 
energized and the recurrent phenomena on 
the screen. This means that the recurrent 
or normal trace, while waiting for random 
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Remote Control of Network Protectors 

By W. R. BROWNLEE W. E. DENT, JR. 
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Synopsis: Two low-voltage a-c networks 
have been installed in Tennessee, using a 
radically different protective scheme. The 
customary master relays, phasing relays, 
and associated current transformers have 
been omitted from the network protectors 
using in their place a remote-control system 
of pilot wires operated from relays at the 
supply substation which protect the high- 
voltage cable feeders. 

In contrast with previous pilot-wire- 
protected network systems utilizing looped 
primary circuits with secondary transformer 
fuses 1 ' 2 , these networks retain the radial 
supply and electrically operated secondary 
air circuit breakers of the more conventional 
systems. 

Previous experience has pointed to operat¬ 
ing advantages of a remote control system 
provided a thoroughly reliable installation 
could be secured at a reasonable cost. The 
system described does not exceed the cost 
of conventional relay installations and it is 
felt that inherent hazards to reliability have 
been overcome. 

L OAD GROWTH in the business dis¬ 
trict of Nashville, Tenn., had made 
necessary the rehabilitation of the exist¬ 
ing underground supply system consist¬ 
ing of overloaded 2.3-kv radial cables. 
Comparative cost estimates showed de¬ 
cided advantage of replacing the entire 
2.3-kv system with its crowded ducts and 
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phenomena, will have some effect on the 
interpretation of films, since the repeated 
trace will photograph much better than 
the tr ansient s, which are single sweeps on 
the cathode-ray-tube screen. In other 
words, there is some “burning in M effect be¬ 
cause of recurrent traces/ whereas the in¬ 
tensity of the transient trace decays ex¬ 
ponentially. , 

If a rotating capacitor delay machine is 
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aged cables with a low-voltage a-c net¬ 
work system supplied from four 13.2-kv 
cable feeders. 

Successful operating experience with 
d-c pilot-wire systems for tie-line pro¬ 
tection over a period of five years 3 led to 
the consideration of remote-control pilot 
wires for the proposed network system in¬ 
stead of master relays and phasing relays. 
Conditions particularly favorable to re¬ 
mote control were the fact that an en¬ 
tirely new network system was contem¬ 
plated making the conversion of existing 
equipment unnecessary, the supply sub¬ 
station is located immediately adjacent 
to the network area, the fact that replace¬ 
ment of 2.3-kv cables with 13.2-kv cables 
would release ducts which would be idle 
except for remote-control cables, and that 
the arrangement of duct banks resulted 
in several “inside” ducts which would be 
of little use in power-carrying capacity. 

Three of the four 13.2-kv cable feeders 
were connected in service on February 6, 
1937, with the initial network step con¬ 
sisting of five units. At the dose of 1937 
a total of 34 units had been installed on 
the four cable feeders. Construction is 
proceeding in a steady program. 

In Chattanooga a low-voltage network 
system is being installed to supplement 
a 2.3-kv radial underground system. By 
the end of 1937 a total of eight units had 
been installed on three 11-kv cable 
feeders. It is planned that the network 
will eventually replace all of the 2.3-kv 
radial underground system. 

Operating Requirements 

Network experience over a period of 
years has resulted in a rather imposing 
list of requirements for the network con¬ 
trol relays, such as: 

1. The network protector must trip for 
any short drcuit or ground on the high- 
voltage cable feeder. 


used with a cathode-ray tube, the intensity 
can be kept at a low level until the camera 
shutter is opened and high-speed . cathode- 
ray screens can be used, giving pictures of 
only the trace desired. Another advantage 
is that a magnetic oscillograph can be used 
and oscillograms of several currents and 
voltages obtained simultaneously as eco¬ 
nomically as with, say, a battery of six cath¬ 
ode-ray tubes, 
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2. The network protector should trip on 
transformer magnetizing current or cable 
charging current with the supply breaker 
open. 

3. The network protector should not trip 
due to small phase-angle differences in sup¬ 
ply of various feeders. 

4. The network protector must not trip 
during a fault on the secondary network. 

5. The network protector must not trip 
during a fault on any other high-voltage 
feeder. 

6 . The network protector should not trip 
on power reversals at light loads or in case 
of regenerative loads. 

7. The network protector should close 
when the transformer is energized with volt¬ 
age of such magnitude and phase relation 
that power will flow from the transformer to 
the network. 

8 . The network protector must not close 
if resulting power flow would be such as to 
operate the sensitive tripping relay. 

9. The network protector must not pump 
when the high-voltage cable feeder is ener¬ 
gized through , one network unit which has 
failed to open. 

It is evident that limits usually imposed 
on the dosing of a network protector are 
based on imperfect selectivity in its open¬ 
ing characteristics. 

A tremendous amount of development 
work has been done by operating engi¬ 
neers and manufacturers in evolving 
relays or systems which could meet these 
requirements, and the remarkably good 
record of network relay performance 4 is 
a tribute to their work. One solution 5 has 
been to apply relays which are sensitive 
primarily to negative-phase-sequence 
quantities. Naturally such relays will 
not meet the requirements of opening on 
transformer magnetizing current, but 
operation approaching this can be 
achieved by providing a source of nega¬ 
tive-sequence power at the substation. 
Another approach® has been to install 
power devices in the primary system for 
controlling phase-angle displacement of 
the various feeders supplying a common 
network. Doubt has been expressed re¬ 
garding the universal application of either 
of these methods. 

One engineer 7 has compared the opera¬ 
tion of a network system to the conven¬ 
tional transmission network in which all 
switches are operated closed except for 
inspection or repairs or in event of sys¬ 
tem trouble, in which case only the cir¬ 
cuit breakers which are necessary to 
isolate the fault are opened. Accordingly 
it has been suggested that requirements 
of network relays be reduced to (1) the 
network protector should close when its 
transformer is supplied with normal three- 
phase voltage in excess of the network 
voltage by a predetermined value (2) the 
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network protector should trip in case of a 
high-voltage fault or when opening tnwnc 
are applied at the supply substation. 

A network primary feeder with its as¬ 
sociated network transformers may be 
compared to a transformer in a power 
station which is operated in parallel with 
other units. Individual control switches 
provide separate manual control of the 
high-voltage and low-voltage breakers 
but internal faults trip both breakers. 

This is the general type of control which 
has been provided for the remote-control 
network system, except that only two 
wires are used to connect each low- 
voltage air circuit breaker with the supply 
substation equipment resulting in de¬ 
pending on protective relays on a high- 
voltage feeder alone to determine short 

circuits in the protected zone. 

Description of Control Scheme 

Each feeder control panel at the supply 
substation is provided with two stand¬ 
ard-size control switches, one to control 
the high-voltage oil circuit breaker for the 
cable feeder and the other to control the 
entire group of low-voltage network 
breakers associated with that feeder. 
Operation of overload or sensitive ground 
relays applied to the high-voltage cable 
feeder results in tripping the feeder oil 
circuit breaker and also tripping the 
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entire low-voltage group, causing green 
lamps on both control switches to bum 
and sounding a station alarm which may 
be silenced by turning both control 
switches to the trip position. After 
trouble has been located and repaired the 
operator can energize the feeder and then 
close the network switches immediately 
or if desired he can energize the feeder 
and wait for a given test period before 
connecting the feeder to the network. 

Among requirements sometimes listed 
for network master relays is that they 
shall provide a check on any possible 
incorrect phasing on the high-voltage or 
low-voltage side of a network protector 
during construction. This function is 
really a by-product of the opening and 
closing characteristics of the network 
relays and those who have had experience 
with incorrect factory wiring of distance 
relays and similar equipment would not 
like to trust such devices for a d efinit e 
check on the adequacy of construction 
phasing. At the present time our con¬ 
struction forces prefer to check pW.'ng 
electrically across a network protector 
with fuses removed but provision has 
been made for checking phasing of any 
new network unit or of any splice in a 
primary cable using equipment at the 
substation. Instead of using one poten¬ 
tial transformer on each underground 
cable feeder, two such transformers are 
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to trip position 

43 Series-shunt reversing relay 

51 Feeder protective relays 

95 Copper-oxide rectifier with mid tap 

C—Remote-control closing relay 

T Remote-control tripping relay 

CJ—Network protector motor cut-off switch 

° —4,100-ohm resistor 

OC—Overcurrent supervisory relay 

uC—Undercurrent supervisory relay 

/C—Trip coil 

VM High-resistance voltmeter 
Sensitive voltage relay 


--vivj.cc* ctuu ci swinging 

panel with two 360-degree synchroscopes 
arranged with transfer switches so that 
a feeder cable may be energized from a 
new network unit or from a network unit 
beyond a new cable splice and exact 
phase relations checked at the substation. 

, Each primary radial feeder is protected 
by three inverse-type overload relays with 
instantaneous attachments and one in¬ 
verse-type sensitive ground relay with 

instantaneous attachment (see figure 1 ). 

The contacts of all four protective relays 
are connected to the trip coil of the oil 
arcuit breaker through a series coil of a 
battery reversing relay. This relay is 
also provided with a shunt coil which 
seals in from momentary operation of the 
senes coil until it is released by turning the 
network group control switch to the trip 

r S,tl °t.,T he Shunt coa is also operated 
from a b finger of the oil circuit breaker 
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through a floating contact of the control 
switch, guarding against leaving the 
primary cable energized from the network 
(without normal protection) in case the 
feeder oil circuit breaker should open 
accidentally. 

The reversing relay controls the group 
of network air circuit breakers on a feeder 
by reversing 125 volts d-c battery supply 
to the remote control pairs. Control 
battery is carried to each network pro¬ 
tector on an individual pair of wires by 
means of number 22 gauge double paper- 
insulated lead-covered cable located in 
the same underground duct system with 
the primary supply cables. For the main 
runs one 25-pair cable is used with each 
high-voltage feeder and 10-pair cables 
are used for lateral runs to each network 
unit. One common pair for each feeder 
is terminated in a “condulet” type re¬ 
ceptacle at every network protector for 
plugging in portable telephone equipment. 
Each control cable has four spare pairs 
terminated in each network protector. 

Inside each network protector housing 
all relays, current transformers and as¬ 
sociated wiring have been removed, leav¬ 
ing essentially an electrically operated air 
circuit breaker. Two small contactors 
are added operating in conjunction with 
one copper-oxide rectifier with mid tap 
and two fixed resistors to give closing or 
tripping impulses to the network air cir¬ 
cuit breaker depending on polarity of 
direct current supplied at the substation. 
As a tripping or closing operation of the 
air circuit breaker is completed the 
auxiliary switch inserts a fixed resistance 
to reduce current in the pilot wire circuit 
from the operating value to the super¬ 
visory value. Figure 2 shows the con¬ 
tactors (C and T) mounted in the network 



Figure 2. Mounting of remote control equip¬ 
ment in standard protector unit 
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protector housing. The rectifier and re¬ 
sistors are shown at the lower left. In¬ 
terruption of d-c supply or the failure of 
remote-control pairs does not result in 
operation of the air circuit breakers but 
merely removes control from them. 

Continuous audible and visible super¬ 
vision of each pilot-wire circuit 8 is pro¬ 
vided by means of a small overcurrent 
and undercurrent contactor for each pair 
located at the substation. Remote- 
control operating current is 130 milli- 
amperes which is reduced immediately 
through air circuit breaker auxiliary 
switches to 25 milliamperes. The closing 
and tripping contactors at the network 
protectors operate on 75 milliamperes and 
drop out on 45 milliamperes, while at the 
substation the overcurrent contactors 
pick up at 75 milliamperes and drop out 
at 45 milliamperes and the undercurrent 
contactor picks up at 18 milliamperes and 
drops out at 11 milliamperes. A control 
alarm buzzer at the substation operates 
if current is above 75 milliamperes or 
below 11 milliamperes, or in case of a 
ground on any portion of the battery 
circuit. A row of telephone-type white 
supervisory lamps (see figure 3) is pro¬ 
vided on the substation feeder switch¬ 
board panel with one lamp for each net¬ 
work protector. These lamps bum nor¬ 
mally regardless of the position of the 
network protector but are extinguished 
if the overcurrent or undercurrent con¬ 
tactors indicate an abnormal condition. 
Although the alarm system is primarily 
for the purpose of supervising the remote- 
control circuits it also calls attention to 
the failure of an air circuit breaker to 
open or close (as directed by substation 
equipment), since the operating current 
is chosen to pick up the overcurrent con¬ 
tactor. 

Under each supervisory lamp on the 
switchboard panel are located a set of 
telephone-type jacks for isolation and 
tests of the individual control pairs. One 
zero center d-c milliammeter is provided 
which can be used by means of a cord and 
plug to read current in any control pair. 
Thus the operator can determine readily 
whether an alarm indicates an open 
circuit, short circuit, or failure of the 
network air circuit breaker to operate, 

. An interesting by-product of individual 
control-circuit supervision is individual 
remote control of the network protector 
units. The same telephone jacks used 
for test and isolation of the control pairs 
can be used by means of a special plug to 
operate one or more network units to a 
position other than that indicated by the 
principal control switch. When the 
special plug is removed from the test jack 
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Figure 3. Switchboard arrangement of control 
equipment for Nashville network. Each panel 
controls one primary feeder and its network 
protectors 

the network protector returns to the 
position called for by the main control 
switch. Naturally the automatic battery 
reversing relay takes precedence over the 
individual jacks as well as over the main 
control switch, so that network protectors 
always trip in case of power trouble re¬ 
gardless of manual operation from the 
substation. 

Figure 4 shows a front view of switch¬ 
board at the supply substation of the 
Chattanooga network. The control 
scheme is quite similar to the Nashville 
installation except that a row of keys has 
been provided for individual control of 
the network units using jacks merely for 
tests and isolation. A further difference 
is that the single white supervisory lamp 
for each network protector has been re¬ 
placed by a supervisory red lamp and a 
green lamp, these lamps being operated 
from the same contacts on the overcurrent 
and undercurrent relays which are used in 
the Nashville scheme to operate the white 
supervisory lamps. The red and green 
lamps are connected at the substation 
end of the remote control pairs (between 
substation battery and the supervisory 
relays) so that a somewhat better indica¬ 
tion of the position of the network pro¬ 
tectors is given as long as the control 
circuit is intact and the protector operates 
correctly. Naturally complete indication 
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Figure 4. Switch- with low-voltage a-c network operation. 4 
board arrangement Experience with transmission relays has 
of control equipment emphasized the need of frequent inspec- 
or attanooga net- tions of protective devices and in the case 

control* one primary f P rotectlve equipment which is difficult 
feeder and its net- to inspect and which is exposed to hazards 
work protectors extending over several miles such as a 
pilot-wire circuit the use of continuous 
audible and visible supervision has been 
found highly effective. Although these 
conclusions were reached through operat¬ 
ing experience and study, the curve of 
figure 5 has been prepared to illustrate 
the theoretical relation between the time 
required to locate and clear protective 
trouble and the probability of failure of 
the protective equipment to clear pri¬ 
mary short circuits. The time of one hour 
at one end of the curve is taken as a 
typical value for remote-control equip¬ 
ment since within this length of time 
the operator can determine that an in¬ 
dividual control pair is defective 
(grounded, short-circuited, or open-cir¬ 
cuited) and can arrange to have this in¬ 
dividual network unit removed from serv¬ 
ice even under peak load conditions such 
that it would be undesirable to remove an 
entire network feeder from service. 


of the network switch position with the 
control circuit in trouble would require 
additional control wires. If the control 
pair is in trouble or if the network 
protector fails to move to the required 
position then the red and green lights at 
the substation burn dimly in series. 

It may be noted that telephone type 
equipment has been mounted on the 
standard ebony asbestos switchboard by 
using a center section of thin bakelite 
arranged flush with the front of the l l / 2 - 
inches-thick composition panel. 

Relative Cost of Remote 
Control Equipment 

At the present time standard network 
protectors without relays or current trans¬ 
formers axe being purchased from two 
leading manufacturers with a price re¬ 
duction of about $400 per protector. 
Estimates based on the Nashville com¬ 
pleted network with a total of 60 net¬ 
work protectors show that the pilot-wire 
cables and associated equipment can be 
installed for about 60 per cent of the price 

reduction on the 60 network units. These 

estimates include cost of the control cable 
and its complete installation with fire¬ 
proofing but do not include any allocated 
cost for duct space. No credit is taken 
for the cost of telephone pairs. Cost of 
terminal equipment in the network pro¬ 
tectors and at the substation is included. 
Many of the parts are quantity-produc- 

688 Transactions 


tion items used iii communication and 
automatic control. 

In cases where duct space for control- 
cable circuits is not readily available at 
moderate cost, consideration should be 
given to leasing a remote control pair for 
each network protector from the local 
communication company. Aside from 
the cost comparison, the advantage of 
relative freedom of exposure to power 
system troubles can be weighed against 
possible control-circuit outages arising 
from telephone protective equipment or 
maintenance procedure on the part of the 
communication company. 

While variations in cable installation 
cost may be expected the resulting 
figures would still show positively that 
the remote-control system would not cost 
more than the conventional sys tem The 
fact that the selling price of the equip¬ 
ment omitted from the network protec¬ 
tors is nearly $600, whereas the present 
omission price is two-thirds as much 
points to probable additional economies 
in the future. 

Reliability 

It is generally conceded that the fre¬ 
quency of inspections of equipment which 
is likely to cause trouble has a pronounced 
bearing on the probability of failure of 
protective equipment to perform properly 
during system trouble. Attention has 
been called to this recently in connection 
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Experience of communication com¬ 
panies indicates that many troubles with 
underground lead-covered cables come 
about through the entrance of moisture 
into the cable through small defects in the 
lead sheaths. Several hours are usually 
required after the failure of one pair 
before the entire cable is involved. This 
was borne out in striking manner by the 
one case of control-cable trouble which 
has been experienced since the Nashville 
network system was started. A splice 
was known to be defective (due to special 
local causes) but construction was at such 
a stage that it was decided to leave the 
splice in service over a period of time and 
observe results. After the first pair 
caused operation of an overcurrent relay 
(indicating a high-resistance short cir¬ 
cuit) a period of six days elapsed before 
another pair was involved. After an 
additional period of 12 days two other 
pairs were involved and at that time the 
defective splice was repaired. This 
trouble was due to the entrance of mois¬ 
ture through a defective splice into one 
of the 25-pair control cables. 

Another case of trouble was discovered 
by means of the ground alarm. Isolation 
of various pairs at the substation by 
means of test jacks immediately located 
the faulty circuit which was then operated 
to trip the network protector and isolate 
it from battery supply. An investigation 
showed a vault half full of water and a 
defective network-protector bo osing had 
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permitted moisture to collect on the con¬ 
trol wiring resulting in the indication of a 
high-resistance ground. 

The adequacy of supervision for pre¬ 
venting protective failures rests on 
troubles in the primary equipment and 
control equipment being reasonably in¬ 
dependent of one another, and precau¬ 
tions have been taken to insure this con¬ 
dition. Special short-circuit tests were 
made to determine the possible difference 
of ground potential between the supply 
substation and network units from which 
calculations indicate a maximum dif¬ 
ference of 200 volts under the most 
unfavorable short-circuit conditions. 

One chief cause of concern has been the 
likelihood of primary cable burning con¬ 
trol pairs in two or destroying a network 
control cable. The choice of control 
scheme has reduced the possible damage 
from such a contingency. In case of a 
primary cable burning its associated con¬ 
trol cable, correct operation is secured if 
the tripping impulse is given to the net¬ 
work protectors before any control cable 



Figure 5. Curve showing probable failures per 
100 primary feeder faults of network protector 
units to trip due to control pair and control 
equipment failures extending over various 
periods of time 

pairs are damaged. The use of in¬ 
stantaneous devices on the protective 
relays and high-speed control equipment 
insures that the trip plungers at the air 
circuit breakers will be in motion less than 
four cycles after the beginning of the 
fault. Since interruption of d-c supply 
does not cause the network protectors to 
open, the damaging by a power cable of 
a control cable associated with another 
feeder does not impair operation as long 
as the control cable can be repaired and 
restored to service before the occurrence 
of a second high-voltage fault. 

In order to minimize the possibility 
of any damage to control cables from 
power equipment the control cables have 


been fireproofed at every vault in the same 
manner as the power cables and wherever 
feasible they are located not too close to 
the power cables or splices. As a check 
on the adequacy of such fireproofing, 
short-circuit tests were arranged at sys¬ 
tem voltage, using short sections of three 
conductor power cable and splices of such 
cable placed within five inches (surface 
to surface) on racks from a section of fire¬ 
proofed control cable. An internal fault 
from one conductor to sheath was made 
before the test in each sample of cable 
and oscillograph elements arranged to 
record any change in normal direct cur¬ 
rent in any pairs of the control cable and 
also to record through a current trans¬ 
former the passage of any current to the 
sheath of the control cable. 

A series of 15 short-circuit tests were 
made energizing the faulted cable speci¬ 
men with a three-phase grounded- 
neutral 11-kv power source of sufficient 
capacity to provide a ground current of 
7,000 amperes. The duration of these 
short circuits was varied from 5 cycles to 
30 cycles and in no case was there any 
disturbance to the control current and in 
none of the tests did the arc cause any 
current to flow in the control-cable sheath. 
Figure 6 illustrates the arrangement of 
test cables and shows burning of adjacent 
surfaces after a short-circuit test. 

The extremely remote possibility of an 
entire control cable being out of service 
during a primary fault was examined by 
calculating the division of fault current 
through the entire network with a short 
on a primary feeder. Studies showed 
that all protector fuses on the faulted 
feeder would blow without damage to 
equipment. This situation should apply 
to any network designed for adequate 
bum-off characteristics. 

Many failures of network protectors 
to dear primary faults are due to troubles 
in the network protector mechanisms. 
Since more than one-half of all network 
operations are classed as “miscellaneous” 


or unintentional 4 a control system which 
elimina tes practically all of such opera¬ 
tions should result in improving the per¬ 
formance records of network protector 
mechanisms for the same frequency of 
maintenance. 

Maintenance 

All devices have been applied with 
ample margin, especially those located 
inside the network protector housings. 
For example, the continuous current 
through the copper-oxide rectifier is less 
than 25 per cent of the rated current of 
this unit. The normal rectifier resistance 
is under 10 per cent of the total series 
drcuit permitting wide variations with 
temperature without seriously affecting 
the value of operating current. Although 
it is not required for reliable action, the 
pilot wire operating current may be held 
within 10 per cent of its rated value by 
means of tapped resistors located in the 
substation even if aging of a rectifier unit 
should raise its forward resistance to as 
much as five times the normal value. It 
is evident that there are no fine adjust¬ 
ments to be made to the protective equip¬ 
ment even on the more accessible ap¬ 
paratus located at the substation. Pro¬ 
tective maintenance then becomes pri¬ 
marily a matter of repairing any failures 
in the control cable. 

A control system which eliminates 
practically all unintentional protector 
operations should reduce trouble and 
expense of maintenance on the network 
protector mechanisms. It has been noted 
on power systems that an oil circuit 
breaker which is approaching a stage of 
uncertain operation due to sticking, weak 
springs, wearing of latches and rollers, or 
similar causes will frequently give fore¬ 
warning of such a condition by operating 
sluggishly on the tripping operation if it 
has been standing closed for sometime 
(although subsequent operations for tests 
may be at normal speed), or by failing to 


Figure 6. Tests illus¬ 
trating integrity of re¬ 
mote controI when 
exposed to a 7,000- 
ampere short circuit 
oh adjacent power 
cable 
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latch on the first attempt to close it. It 
seems entirely probable that a system 
which calls audible and visible attention 
of the operator to any initial failure to 
latch or to any sluggishness in open’ng of 
a particular network protector will aid in 
a program of maintenance which should 
forestall many mechanical failures. 

In contrast with a remote-control sys¬ 
tem the conventional network-protector 
relays must be adjusted very closely and 
slight variations in their characteristic 
due to temperature, corrosion, and loose 
connections, are quite serious. Many 
have found the maintenance and tests of 
network relays to be extremely difficult 
when performed at the network protector 
location 8 and two leading manufacturers 
now supply readily detachable relays so 
that these may be checked in the labora¬ 
tory and then installed in the network 
protectors. 

Additional Operating Features 

Design of protective equipment has 
been concentrated on securing a thor¬ 
oughly reliable installation at reasonable 
cost and it is planned that no other 
features will be added until after con¬ 
siderable experience and study of the 
present installations. However con¬ 
sideration may be given in the future to 
the installation of temperature and pres¬ 
sure relays in each network transformer 
using existing remote-control pairs. One 
possibility would be to permit the tem¬ 
perature and pressure contacts to send 
an alarm or tripping impulse over a 
common pair for all the units on one 
feeder cable with auxiliary contacts to 
trip the protector at the transformer 
involved and open its d-c control circuit 
thus providing instantaneous indications 
at the substation of the number and 
location of transformers involved with¬ 
out the use of coding. Consideration has 
sometimes been given to differential pro¬ 
tection of network transformers but there 
has been no means of tripping the high- 
voltage feeder in case of low-voltage 
transformer trouble. One common pair 
for each feeder could be used for such a 
purpose, using the individual control pair 
for indicating the location of the trans¬ 
former which had caused the feeder to 
trip. 

Individual control of the network units 
can be used to considerable advantage 
without installing additional equipment. 
Consideration is being given to the in¬ 
stallation at; the substation of three sen¬ 
sitive single-phase wattmeters of low cur¬ 
rent range which may be connected to 
the current transformers on any feeder 
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by means of transfer switches. Auxiliary 
current transformers would be connected 
wye-delta and used to bring wattmeter 
current in phase with current at the 
network-protector terminals. After a 
secondary fault or on any routine basis 
the operator can open a group of network 
protectors associated with the feeder and 
then dose one of them with individual 
control jacks. The wattmeters may then 
be switched to the feeder supplying the 
one network unit and wattmeter readings 
would instantly show if there were any 
fuses which had blown during secondary 
trouble or due to mechanical defects. 9 
Readings could be taken one at a time 
on all the network units on one feeder in 
a few minutes. Such a procedure would 
also indicate possible overloads on any 
transformer unit. This scheme has been 
tried using a special portable wattmeter 
and indications of a blown fuse are quite 
positive. Readings obtained from this 
method from the substation on individual 
units check very closely with current 
readings taken at the vaults. 

Conclusions 

1. The remote-control system de¬ 
scribed can be applied to the protection of 
many network systems at reasonable cost 
and in some cases at a substantial saving 
in cost over systems with conventional 
relays. 

2. The remote-control system offers 
distinctive advantages in simplicity, flexi¬ 
bility, freedom from pumping, decreased 
maintenance trouble and expense on 
relays and protector mechanisms and 
suitability for a wide range of supply 
systems. 

3. Operating experience must provide 
the final proof of the adequacy of any 
protective system, and the relatively low 
rate of primary failure on an under¬ 
ground network may require that such 
operating experience continue over a 
period of several years for conclusive 
results. Nevertheless it is felt that care¬ 
ful consideration has been given to all 
features and that operating and short- 
circuit tests have been carried far enough 
to predict excellent operation. Previous 
experience with pilot-wire circuits and 
their supervision points toward a pro¬ 
tective design of high reliability. 
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Discussion 


I/. H. Hill (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): Messrs. 
Brownlee and Dent have developed a low- 
voltage a-c network system devoid of all 
sensitive and unnecessary relays, without 
sacrificing the flexibility of the more compli¬ 
cated automatic non-pilot-wire control sys¬ 
tems. In addition it provides the means for 
controlling the operation of any one of the 
switches between the transformer and the 
low-voltage mains. 

Continuous supervision of the pilot cir¬ 
cuits, and their subdivision into small parts, 
without complication, should prove entirely 
satisfactory. It is a scheme that may be 
applied to systems of any primary voltage 
without introducing the complications that 
would follow with other known pilot-wire 
systems. 

The Brownlee-Dent system should find 
wide application in the smaller areas where 
the cost of duct space is nominal or of course 
also in larger areas if pilot wires can be 
economically installed. 


J. B. Hodtum (Allis-Chalmers Manufactur¬ 
ing Company, Pittsburgh, Pa.): From a 
description of the authors’ pilot-wire-con¬ 
trolled system, it appears that they have 
greatly simplified the operation of low- 
voltage a-c network systems. The third 
conclusion of their paper will really prove the 
merits of this system. 

There is some background of course for 
the use of pilot-wire-controlled circuits as 
Ihey have had wide use in Europe, especially 
in England. It seems that the authors have 
taken every possible precaution to supervise 
continuously and to guard against failure 
of any part of the control system involving 
the entire feeder. As pointed out, the con¬ 
trol system may be extended to include, for 
example, differential protection of individual 
transformers which may even be made auto¬ 
matically to disconnect a feeder. It is 
questionable, however, whether automatic 
tripping of a feeder due to trouble, in a single 
unit, is advisable. 
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It appears that this system may be an 
advance in the art in that it permits indi¬ 
vidual transformers to carry loads in the 
reverse direction, since such operation would 
really mean that energy is being transferred 
from one part of the low-voltage system to 
another part over the high-voltage feeders 
instead of through the low-voltage network 
itself. 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): The authors 
have touched lightly on several important 
features of this new remote-control system. 
One feature is the possible use of control 
cables leased from a communication com¬ 
pany. In Chattanooga and Nashville it 
was found that the telephone company 
could reach each transformer vault with a 
control pair over an underground route 
separate from the power route. This instal¬ 
lation would usually be through the build¬ 
ing adjacent to the transformer vault. 
However, the availability of a large amount 
of excess duct space made power-company- 
owned control cables somewhat cheaper. 

If the communication company could 
establish a group rate for several pairs in 
the same area or in the same cable, avoiding 
long central-office loops there ought to be a 
considerable field of future business in cer¬ 
tain cities that might use this new network 
control. 

A feature that has appealed strongly to 
the operating, maintenance, and construc¬ 
tion departments has been the availability 
of telephone service in each transformer 
vault. The portable telephones used by the 
underground crews and test engineers are 
furnished by the telephone company and 
permit ready communication between vaults 
and with the distribution dispatcher, as¬ 
sistant dispatchers, maintenance super¬ 
visors, and all other points. 

This new system with its manual group or 
individual control of protector opening and 
closing by the operator at the supply station 
may be attractive to the metropolitan com¬ 
panies requiring sectionalizing in case of 
shutdown. We would like to have comments 
from those more familiar with this problem. 
Although about everything possible has 
been done to test out the new system, the 
real test will be the emergencies that may 
occur in the future without engineering, 
test, dispatching, and maintenance depart¬ 
ments right on the scene. Such emergencies 
occur rarely, and it is hoped that other com¬ 
panies will make installations of this type of 
remote control so as to expedite the de¬ 
velopment work and to provide service for 
the benefit of the industry in general. 


L. F. Kennedy (General Electric Company, 
Philadelphia, Pa.): The authors have made 
the statement that the limits placed on the 
ringing- characteristic of the network relay 
are due to the imperfect selectivity of its 
tripping characteristic. I should rather say 
that all the limits under which the network 
relay must operate, either to trip or reclose, 
are brought about by combining in one de¬ 
vice both protective and control functions. 
It naturally follows that the device which 
meets these requirements needs more main¬ 
tenance to insure reliable operation. The 
authors’ familiarity with other protective 
relays will bear out the statement that as 
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the operating requirements become more 
severe, the maintenance is increased. 

The authors have installed the pilot-wire 
system at a saving in cost over the con¬ 
ventional network protector. At the same 
time they indicate savings in maintenance 
through the use of their system. But this 
has been done by setting up a new set of 
requirements, or rather the waiving of some 
of those normally met by low-voltage net¬ 
work protectors, and it would seem proper 
that any economic comparison then should 
be made between a network protector and 
a pilot system fulfilling the same require¬ 
ments. 

Relay equipment to trip on feeder faults 
only would be relatively simple, and if 
reclosing were permitted whenever the feeder 
voltage is approximately normal (corre¬ 
sponding to primary network practice), the 
over-all relay picture would be considerably 
changed. With such equipment relay and 
protector maintenance could be reduced 
and, since the protectors would operate 
only under short-circuit conditions, longer 
life would be obtained. 

The pilot system operates basically in 
the same manner as the protector but in 
addition provides continual indication of 
each protector position and permits manual 
operation of the protectors either singly or 
by groups. The value of indication and con¬ 
trol, even if considered to be small, is an 
item favorable to the pilot system. 

It would seem necessary, therefore, to 
draw up a new set of operating require¬ 
ments wherein the desired relay character¬ 
istics are definitely shown and then com¬ 
pare installed cost and maintenance of the 
two systems. If on such a comparison the 
pilot system is shown to be less expensive, 
it can unquestionably be justified. If the 
pilot system is more costly, it may still be 
justified by evaluating the indicating and 
control features. 

I have purposely omitted any considera¬ 
tion of relative reliability in the foregoing 
comments. With simpler relay equipment 
I should be inclined to consider it more re¬ 
liable than the pilot, but this is admittedly 
largely my own personal opinion. Cer¬ 
tainly experience of the past few years has 
demonstrated that a pilot system of this 
type will show a high degree of successful 
performance. Given an equal amount of 
experience with both systems, perhaps the 
reliability should be considered equal. 

To me the successful operation of the 
authors’ system opens up the whole ques¬ 
tion of operating requirements of low-volt- 
age networks. It is perhaps possible that 
these requirements have been made too 
severe and that we may see in the near 
future a general lessening of them accom¬ 
panied by a reduction in maintenance ex¬ 
pense on the whole system. 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.): 
The system of remote control of network 
protectors described in this paper appears 
to be a considerable advance in control 
systems of this type, and at the same time it 
achieves that goal sought by all of us, that 
of obtaining something better at a lesser 
cost compared to conventional methods. 

The installation cited for a basis of com¬ 
parative costs, involves a total of 60 net- 
work-protector units. There is, no doubt, a 
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minimum system to which it would be eco¬ 
nomical to apply a network control scheme 
of this type. I would like to ask the authors’ 
opinion of the approximate size of such a 
minimum system. 


T. G. LeClair (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): A pilot-wire scheme 
for the control of network protectors is 
naturally of more interest to a Chicago engi¬ 
neer t han any other because the Common¬ 
wealth Edison Company has made wider 
use of pilot-wire relay protection than per¬ 
haps any other metropolitan utility. Also, 
the operating record of the pilot-wire relay¬ 
ing system has been much better than that 
of other relaying systems. For many com¬ 
panies the cost of the pilot-wire control 
scheme for networks would be materially 
increased because of the duct cost which 
must be added to the cable cost. However, 
for larger cities a majority of the pilot cable 
would be installed in large duct sections 
where the central ducts cannot be used for 
power cables due to temperature limita¬ 
tions, but are available for pilot or control 
cable. Therefore, a large part of the duct 
cost charged to the pilot cable would be 
more theoretical than real. 

The pilot-wire system suggested by 
Messrs. Brownlee and Dent might even be 
extended to include greater protection than 
at present by the addition of differential 
relays on the network transformers and a 
tripping circuit which would trip the pri¬ 
mary and all the secondary breakers auto¬ 
matically for a fault on the transformer 
secondary in the zone now unprotected. 

One missing feature of the scheme sug¬ 
gested in the paper is the inability to trip 
on back-feed through the network units 
without the use of the control equipment at 
the supply end. This is probably only of 
importance for a system fed from two inde¬ 
pendent sources where it is desirable 
automatically to transfer the entire network 
load to one source in the event of a major 
catastrophe which would make the feeder 
circuit breakers inoperative due to fire or 
explosion in the other source. 

An item of maintenance expense which 
might be important in metropolitan sys¬ 
tems is the relatively large number of cable 
cutovers which would be necessary on the 
pilot cable as the network system grows and 
transformers are frequently transferred from 
one feeder to another, either singly or in 
groups. 


Chase Hutchinson (Tennessee Public Serv¬ 
ice Company, Knoxville): This type of 
system should appeal to many operating 
men since it offers a means of securing al¬ 
most any desired information on vault con¬ 
ditions and at a low cost. Load, tempera- 
* ture, pressure, and other indications of 
condition can be transmitted, either to in¬ 
form the operator, trip the vault protector, 
or trip the entire circuit. It eliminates 
much of the loss of time in checking pro¬ 
tector positions and almost immediately 
locates a protector which sticks in the 
closed position. 

Balancing some of these attractive ad¬ 
vantages are some disadvantages the writer 
believes deserve careful consideration: 

1. What is going to happen if a street cave-in or 
duct-line failure occurs? Can the network system 
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be depended upon successfully to blow simul¬ 
taneously the required number of protector fuses? 

2. In most cases the question of duct cost for the 
pilot cable cannot be neglected. 

3. Since the pilot wire cost varies with the length 
of the feeder, and the network - relay cost varies 
with the number of transformers, it appears the 
* 'beginning* ’ cost of the pilot wire system might be 
higher than the conventional protector. 

4. In attempting to peer into the future capital 
cost of these systems, one is inclined to argue thus: 
The pilot wire system is largely made up of “pro¬ 
duction items,’* and to a considerable extent is as¬ 
sembled in the various transformer vaults and 
manholes. The cost of this type of work is apt to 
increase in future years. On the other hand, the 
conventional protector has had to stand an enor¬ 
mous development and advertising cost. The present 
version is reliable, and with general acceptance of 
the system at hand it seems reasonable to believe 
the cost of protectors will decrease in the future 
years. 

5. The spot network using pilot-wire protectors 
may be prohibitively expensive. 

It appears to the writer that the system 
devised by Brownlee and Dent is compa¬ 
rable to the conventional network protector 
system equipped with supervisory control, 
consequently, where supervision of the pro¬ 
tector and vaults is considered necessary, 
the scheme appears to offer a lower cost 
method. 


J* H. Neher (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): The use of low- 
voltage a-c networks is in general limited to 
relatively large urban load centers, and as a 
result not many relay engineers have need 
to study this phase of the relay art. Despite 
this fact, however, all relay engineers can 
well profit by a careful study of this paper. 
The straightforward manner in which the 
authors, unencumbered by previous notions 
as to how network feeders could be relayed, 
have produced a new system, designed from 
the ground up to do the specific work at 
hand, should be a good guide in the design 
of other types of relay systems. 

The authors’ tests demonstrating the in¬ 
dependence of the control circuits with re¬ 
spect to short circuits in the power circuits, 
are most interesting. The results of these 
tests, together with the relatively low cost 
of installation of the control cables, open up 
a large field for the use of power company 
owned-and-installed communication circuits 
for relay protection and remote control. 


network the supply substation for the pres¬ 
ent three-cable system is 0.8 mile from the 
load center of a small area, resulting in a 
control equipment cost of almost exactly the 
value of the price reduction of the network 
protectors. The demand of the present 
Chattanooga network is 1,500 kw which 
could be considered as the minimum system 
(based on cost alone) with the supply point 
approximately one mile from the load center. 

As pointed out by Mr. LeClair and Mr. 
Hodtum the remote-control system lends 
itself to the ready application of differential 
protection of network transformers. In 
conventional systems the protectors or 
backup fuses will usually separate the net¬ 
work from a short circuit on the secondary 
of a transformer but proper co-ordination of 
the high-voltage feeder relays prevents auto¬ 
matic disconnection of the primary feeder 
in case of transformer secondary trouble. 
Probably protection of this zone has been 
omitted due both to the inherent difficulty 
of such protection and to the infrequency of 
transformer faults involving the secondary 
only. 

The authors do not agree altogether with 
Mr. Hodtum that differential protection of 
network transformers should merely sound 
an alarm at the substation. Present remote 
indicating equipment transmitting indica¬ 
tions of over-temperature or over-pressure 
of a network transformer do not usually 
trip feeder breakers, since their indication 
is not altogether positive and since it may 
indicate merely a secondary fault between 
turns which would gradually build up pres¬ 
sure over a period of minutes or even hours. 
Since most of these present systems are 
looped through all transformer vaults and 
depend on coded signals for determination 
of the transformer in trouble they are not 
suitable for instantaneous disconnection of 
a feeder if such were desired. It is the 
authors* opinion that any fault in a trans¬ 
former sufficient to operate a differential 
relay requires immediate action and should 
be disconnected within a few cycles. Prob¬ 
ably the general application of differential 
protection will be governed by the frequency 
and seriousness of faults beginning on trans¬ 
former secondaries and also by the effective¬ 
ness of temperature and pressure devices, 
many of which have been installed in the 
last three or four years. 


W. R. Brownlee and W. E. Dent, 
The beginning cost of a remote-control 
work system will naturally be greater 
network transformer than the comp 
installation as pointed out by Mr. Hutc! 
son. The answer to this question and i 
to Mr. Von Voigtlander's question < 
ceming the minimum size network sys 
to which remote control could be app 
economically is best given by considei 
specifically the present status of the Cl 
tanooga network. The control equipm 
cost per network transformer is determi 
partly by the fixed terminal cost at the s 
station, but more by the length of com 
cables as determined by the distance fr 
the supply station to the beginning 1< 
center. In the case of the Chattano< 


Mr. LeClair raises a pertinent question 
in cases where a network is supplied from 
two or more busses in the same or different 
substations. Naturally a major failure of a 
feeder oil circuit breaker could prevent this 
breaker from clearing a short circuit or 
even from opening mechanically. Usually 
differential or backup-type bus protection 
will be employed to disconnect all sources 
of power from the bus and extra contacts 
of the bus protection auxiliary tripping re¬ 
lay should be connected to the shunt coil 
of the reversing relay (device 43 of figure 1) 
of each feeder, thereby preventing the net¬ 
work from feeding the short circuit regard¬ 
less of the condition or position of the feeder 
breaker. 

Mr. Hutchinson's question regarding 
duct-line failures apparently considers a 
serious and infrequent disturbance of such a 


nature as to destroy first one or more con¬ 
trol cables and second the power cables as¬ 
sociated with those particular control 
cables. The calculations mentioned in the 
paper in connection with this extremely 
remote possibility considered a fault on one 
of the three or four primary cables with its 
protection completely removed and it was 
found that the backup fuses would operate 
without damage to equipment. These net¬ 
work systems have not been designed to 
operate with two cables out of service on a 
three-cable or four-cable system and conse¬ 
quently no studies have been made of simul¬ 
taneous faults on two or more primary cables 
with protection previously removed. 

Mr. LeClair’s question regarding mainte¬ 
nance expense of transferring control cables 
when network transformers are transferred 
from one feeder to another is rather difficult 
to answer. Obviously a reconnection of 
cables at the network units would involve 
appreciable maintenance expense. One pos¬ 
sibility would be to leave the secondary 
cables connected at the network transformer 
end and merely exchange pairs between ad¬ 
jacent control panels at the substation end. 
Proper coding of the control cables would 
permit ready identification of pairs from a 
key drawing showing the routing of each 
separate control pair. The result of having 
three or four pairs of one feeder located in 
the 25-pair control cable for another feeder 
is not as serious as it might seem. The re¬ 
sistance of terminal equipment at the sub¬ 
station in series with each control pair is 
enough to limit short-circuit current in a 
control cable to a few tenths of an ampere. 
The voltage on the pairs is maintained at 
approximately 65 volts to ground through a 
resistance of some 40,000 ohms (see figure 1). 
Furthermore the accidental short-circuit¬ 
ing, open-circuiting, or grounding of a 
control pair does not result in improper 
operation of any network protector and ac¬ 
cordingly all construction splicing and 
maintenance of control cables can be made 
if desired without removing battery supply 
from the cables. 

The authors cannot agree with Mr. Ken¬ 
nedy that any network operating require¬ 
ments have been waived, but are convinced 
that the long list of requirements of con¬ 
ventional relays are solely for the purpose of 
fulfilling properly the simple operating re¬ 
quirements outlined in the paper. Even if 
operators were willing to waive the discon¬ 
necting function of network protection, 
and send a man to each vault whenever a 
clearance is required, it is doubtful if much 
simpler equipment can be readily designed 
to trip on feeder faults only. That is, con¬ 
ventional relays set insensitive enough to 
prevent improper operation on various 
power reversals might not be sensitive 
enough to operate in case of a ground on a 
primary cable using customary delta-wye 
network transformers and shielded pri¬ 
mary cable. The authors are pleased to 
have a manufacturer who sells large numbers 
of network protectors confirm their opinion 
that protector maintenance will be reduced 
and operation improved if all "miscellane¬ 
ous or unnecessary operations are elimi¬ 
nated. 
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Positive-Grid Characteristics of Triodes 

By RICHARD W. PORTER 

ASSOCIATE AIEE 


Synopsis: The total emission current in a 
vacuum tube can be expressed by the fa¬ 
miliar space-charge equation. This paper 
shows theoretically that the ratio of plate 
current to total current should be a function 
only of the ratio of grid to plate voltage, 
and introduces experimental data to show 
that the function can be represented by a 
single exponential term. The exponential 
function is combined with the space-charge 
equation to obtain an empirical equation 
for the positive-grid plate-current charac¬ 
teristic. A simple, experimental method of 
obtaining the constants in this equation is 
described. 

T HE NEED for higher efficiency in 
radio-frequency power amplifiers 
makes it desirable to operate vacuum 
tubes with grids strongly positive for a 
short interval in each cycle. When the 
grid of a tube becomes positive, not all the 
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Figure 1. Possible electron paths in tube with 
positive grid 


electrons which leave the cathode will go 
to the plate; some of them will be col¬ 
lected by the grid. Therefore, the plate- 
current equation 1 which has been used 
for negative and low positive grid poten¬ 
tials assuming negligible grid current, 
will not apply. This paper presents a 
modification of the usual equation which 
takes account of the division of current 
between grid and plate. The object is 
to obtain a simple expression which will 
give approximately correct values of 
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plate current when the grid is strongly 
positive, rather than to attempt to ana¬ 
lyze in detail the various phenomena 
which occur within the tube. 

Total Space Current 

It has generally been assumed that the 
basic space-charge equation 

i = Ke p + ne g ) n 

holds equally well for both positive and 
negative grid potentials, provided the cur¬ 
rent i includes all the electrons which 
leave the cathode, both those that go to 
make up the grid current and those that 
go to the plate. This assumption follows 
from the usual derivations based on the 
work of Langmuir 2 and Van der Bijl, 8 pro¬ 
vided there be sufficient emission from 
the cathode to maintain the space charge, 
and that there be no unusual interaction 
between electrons after they leave the 
cathode space-charge region. Its valid¬ 
ity is strikingly illustrated by the con¬ 
stancy of the total current in the follow¬ 
ing data for the Radiotron UV 207 in 
which grid and plate voltages were 
varied holding constant the sum of the 
plate voltage plus the grid voltage times 
the amplification factor. 

The equation for the total space current 
can therefore be written 

i v + V “ k ( e p + 

where k, fx, and n are constant and have 
the same values when the grid is positive 
as when it is negative. 

Division of Current 
Between Grid and Plate 


In -considering the problem of current 
division between the grid and the plate, 
first examine the path of a single electron 



Figure 2, Current division in type-46 tube 
with grids connected together 


which is emitted from some point on the 
cathode with negligible velocity. It will 
move as shown in figure 1 through a com¬ 
plicated electric field pattern, perhaps 
reaching the grid, perhaps the plate. If 
the grid and plate voltages are increased 
but kept in the same ratio, the magnitude 
of the field at any point will increase, 
but the field pattern will remain the 
same. Under these conditions, it seems 
reasonable that the electron paths also 
should remain the same, although the 
velocities may increase. This fact is 
proved mathematically in appendix A. 
The destination of any particular elec¬ 
tron, therefore, will depend only on the 
ratio of the grid voltage to the plate 
voltage. 

Generalizing from the single electron 
to many electrons, there follows the im¬ 
portant conclusion that the division of 
current between grid and plate should be 
a function only of the ratio of grid to 
plate voltage, and for any given ratio 
should be independent of the magnitudes 
of these voltages. The assumptions im¬ 
plied in this generalization are, (1) no 
emission of electrons by grid or plate, (2) 
no interaction between electrons after 
they leave the cathode space-charge 
region, (3) negligible initial velocity, (4) 
no interaction between the electrons and 
gaseous molecules. The nature of the 
functional relationship must be such that 
the ratio of plate current to total current 
will be unity when the grid voltage is 
zero, and will approach but never become 
zero as the ratio of grid to plate voltage 
becomes large. 

Experimental Data 

Data taken by the writer for the type- 
46 tube at high positive grid voltages tend 


Table I 



Figure 3. Current division In type-46 tube 
with grid 2 connected to plate 


December 1938, Vol. 57 Porter—Triode Characteristics 


Transactions 693 











1 . 0 , 


1 . 0 , 



to confirm these predictions and at the 
same time to justify the assumptions on 
which they were based. See figures 2 and 
3, in which the ratio of currents is shown 
as a function of the ratio of voltages for 
various values of grid voltage. Except 
for the secondary effects which were as¬ 
sumed negligible, all the curves for each 
tube should be exactly the same. Simi¬ 
lar curves have been plotted from data 
take n by Kozanowski and Mouromtseff 6 
for the Westinghouse EX 50 tube and* 
from published data on various RCA and 
General Electric tubes. Of these latter 
the UV 207 shows the highest discrepancy 
and the FP 169 the least. It is significant 
that the UV 207 characteristics show 
large secondary emission currents from 
the grid, particularly in the region of 
largest discrepancy, whereas secondary 
emission is not prominent in the FP 169. 
Data for the EX 50, the UV 207, and the 
FP 169 are shown in figures 4, 5, and 6. 

These comparisons lead to the con¬ 
clusion, perhaps already foreseen, that 
secondary emission is the principal reason 
for the failure of the current ratio to be 
a simple function of the voltage ratio. 
However, the greatest divergence ob¬ 
served was only about 17 per cent, or 
nine per cent variation from the mean. 

For the region near E g = E Pi the greatest 
variation to be found in the published 
data is less than four per cent from the 
mean. Errors in measurement and draft¬ 
ing- are sometimes as great as this. 

The exact nature of the relationship 
between the current ratio and the voltage 
ratio depends on the construction of the 
tube and is too complicated a matter to 
treat here. However, its general form is 
that of an exponential. It will be as¬ 
sumed therefore that all tubes can be 
represented by 


xe ff /e p 


ip -f“ ig (2) 

where a is a constant used to fit the equa¬ 
tion to the data. For practical purposes 
it is usually well to choose « so the curve 
Will match the data at e, - for it 
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Figure 5. Current division in Radiotron UV 
207, SKW Mode 

in this region that a tube delivers most 
of its useful power as a high-efficiency 
radio-frequency power amplifier. Repre¬ 
sentative exponentials are shown in 
dashed lines in figures 2 to 6 . The error 
in this assumption is seen to be approxi¬ 
mately the same as that introduced by 
assuming the existence of a simple func¬ 
tional relationship between ratios. 

Plate Current 

Combining the expression for total 
space current ( 1 ) with that for the frac¬ 
tion which goes to the plate ( 2 ), we obtain 
an equation for the plate current alone 

ip =• k(e„ + ^ g ) n €~ c “e/ e P ( 3 ) 

This equation as it stands is correct only 
when e g and e p are both positive. When 
the grid is negative the e xponential 
term remains equal to one and when the 
plate is negative, it is zero. 

It is not necessary to have complete os¬ 
cillographic data on. a tube in order to 
evaluate the constants of equation (3). 
They can be determined by a few simple 
measurements of plate and grid current 
at low voltage. For the composite 
diode characteristic e, = e P equations 
(1) and (3) become 

ip = k(l + (4) 

ip + i s — k(l + n)\ n ( 5 ) 

Taking the logarithm of both 
log ip *= log {fe(l + ft)*} -p n j 0 g e g — a 

(«) 

log (i p + i g ) - log {A (1 + M )»} + 

n log e g ( 7 ) 

Equations (4) and (5), plotted to loga¬ 
rithmic co-ordinates, will be parallel 
straight lines having slope n. The inter- 
cept of (5) at e g = 1 will be equal to 
k(l + u) n and the ratio of the intercepts 
will be i~ a . Thus the constants can all 
be found from the plate and grid current 
data for a composite diode characteristic 
and the value of pi, which may be de¬ 
termined in any of the usual ways. 
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Figure 6. Current division in General Electric 
FP 169/ 150-watt triode 



Figure 7. Positive-grid plate characteristic of 
type-46 tube, grid 2 connected to plate, 
showing comparison with calculated points 


Figure 7 shows the agreement between 
equation (3), with constants determined 
by the composite diode characteristic, 
and an oscillographic measurement of the 
characteristics of a type-46 tube con¬ 
nected as a low-mu triode. The greatest 
error is less than ten per cent and occurs 
in a relatively unimportant part of the 
characteristic. 

Grid Current 

Subtracting equations (1) and (3) the 
grid current is found to be 

i g = k(e p + fxe ff ) n [ 1 - (g) 

When the constants for this equation are 
determined from the diode characteristic, 
it will hold very well for points near e g = 
e p where the grid current is large. Al¬ 
though not nearly so accurate as the 
plate-current equation, the grid-current 
expression is a welcome aid in approxi¬ 
mating the grid current and driving power 
in radio-frequency amplifiers. 

Summary 


It has been shown that the equation 


H ~ Ke p + ixe g )€’- cie o/ e P 

will give values for the plate current of 
a triode in which the plate and grid are 
both positive, correct to within about 
ten per cent for a wide variety of tubes 
and voltages. The two most important 

Electrical Engineering 











approximations to which it is subject are 
(1) that secondary emission from the grid 
is negligible, (2) that the relation between 
+ ig) and e g /e v can be represented 
by an exponential for any tube. Values 
for the constants in this equation were 
determined from a composite diode char¬ 
acteristic at low voltage and found to be 
accurate at much higher voltage and cur¬ 
rent. Finally it was seen that the grid 
current could be obtained approximately 
by taking the difference between this 
expression and that for the total space 
current. 

This mathematical expression for posi¬ 
tive-grid tube characteristics is extremely 
simple in form and sufficiently accurate 
for engineering purposes. It is valuable, 
because it avoids complicated and expen¬ 
sive oscillographic measurements of tube 
characteristics, and because it provides a 
new basis for attacking practical vacuum- 
tube problems. 


Appendix A 


Equation (7a) is the differential equation 
of the path of the electron, the time element 
having been eliminated. Now if the grid 
and plate potentials are increased or de¬ 
creased in the same ratio, Ey and E x will 
both be increased or decreased by the same 
constant multiplier, which may be removed 
from the integral signs and divided out. 
Consequently, for any tube the path of a 
single charged particle emitted by the 
cathode is a function only of the ratio of 
electrode voltages, and not of the magni¬ 
tudes. 


Nomenclature 

i » current in amperes 

i Q = grid current in amperes 

ip ® plate current in amperes 

n =s constant, amplification factor 

k — constant, conductance factor 

n = constant, space-charge exponent 

theoretically equal to 3/2 
a «= constant, distribution factor 
e v = plate voltage 
e g = grid voltage 

e/m — ratio of charge to mass for an elec- 
tron 

E v = y-component of electric field inten- 
sity 

Ex * ^-component of electric field inten¬ 
sity 


Consider the path of a single electron 
which s tar ts from some point on the cathode 
with negligible velocity. Its dynamical 
equations in rectangular co-ordinates will be 


^ - Eyix, y) 

dt * m 

d*x e _ , . 

— - - Ex(.x, y) 

dt 1 m 


(la) 

(2a) 


where Ey(x, y) and E x (x, y) are scalar func¬ 
tions of the co-ordinates x and y, equal to 
the field intensity along the x and y axes, 
respectively. It is assumed that E z is zero. 

Equation (la) may be written in the form, 




E y (x, y) dt 


(3a) 
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volved in the positive-grid characteristics 
of triodes. 

A limitation of the particular fundamental 
relationship assumed may however be indi¬ 
cated. The assumed relationship is of the 
form 


This form permits of the selection of but 
one parameter in fitting the empirical for¬ 
mula to the observed experimental data. 
That is, it is only possible to fit the empiri¬ 
cal formula to the observed data at one 
point. Since a choice of ordinate and 
curvature are not independent in the 
assumed form the rest of the curve may or 
may not fit the experimental form. 

The fundamental relationship assumed by 
Porter for the ratio of plate to space- 
current leads to an admitted error of con¬ 
siderable magnitude in the derived expres¬ 
sion for grid current. This may be ex¬ 
pected from the fact that while the diver¬ 
sion of a fraction of the space current to the 
grid is a second-order effect as far as plate 
current is concerned, it is a first-order effect 
for grid current. 

A possible alternative basic relation is one 
of the form 

ip/h ” f( e p/ e g) 

This form was proposed by early German 
investigators Tank 1 and Lange. 8 They 
showed that the functional form was a 
simple power of the ratio tp/e Q for which 
the exponent has very nearly the value 
Vs for all tubes. The coefficient, however, 
varies from tube to tube. This relation 
has been verified by the writer for small, 
modem transmitting tubes. 3 Essentially 
the same result was arrived at independently 
by Myers. 4 This permits the use of the 
basic equation 

ip/ig 5=5 5(6p/ e g ) n 

which permits the selection of two parame¬ 
ters, the exponent and the coefficient. 



Figure 2 


This form further expresses the relation in 
terms of the current ratio which experiences 
the greatest variation with voltage. 

The coefficient and exponent in the above 
form are readily obtained by plotting i v /i 9 
against e p /e Q on log-log paper. The ex¬ 
ponent is the slope of the straight-line char¬ 
acteristic obtained and the coefficient is the 
intercept upon the ordinate at ep/e g 1. 
Such a plot is shown in figure 1. It will 
be observed that for values of e p /e g greater 
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than one the curves are almost coincident 
straight lines with about the same slope 
which measures to be nearly V 2 . It should 
be mentioned that no satisfactory theo¬ 
retical explanation has as yet been given for 
the apparent universality of this value of 
the exponent in this region. 

A further advantage of a plot of the type 
shown in figure 1 which may be mentioned 
is that it reveals readily any changes in 
the functional form which may occur in the 
ratio ip/ig. Such a change occurs in the 
curves of figure 1 for values of e v /e Q of about 
0.8. For values of ep[e g less than 0.8 the 
exponent as determined by the slope of the 
curves has a new value. The change to 
the new exponent occurs when the ratio ep/e g 
becomes sufficiently small so that some of 
the electrons which initially miss the grid 
are deflected strongly enough so that they 
are unable to reach the plate and fall back 
into the grid wires. For values of ep/e g 
greater than 0.8 all the electrons which 
initially miss the grid wires are received by 
the plate. 

It should be pointed out that the coinci¬ 
dence of the curves in a plot like that of 
figure 1 depends upon the complete ab¬ 
sence of secondary emission. Even the 
slightest traces of secondary emission will 
destroy the coincidence. Figure 2 shows 
the form of the curves for a tube with a 
slight amount of secondary emission. It 
will be observed that the curves are no 
longer coincident except in the vicinity of 
ep/e g where the exchange of secondary 
electrons between plate and grid tends to 
compensate. All of the curves given by 
Mr, Porter show considerable secondary 
emission by their similarity to the curves 
of figure 2 when plotted in that form. No 
satisfactory expression for current division 
in the presence of secondary emission has as 
yet been found. 

It was not found possible to make the 
data of figure 1 fit Mr. Porter’s equation 
because the value of a which made the 
curve have the proper value for ep/e g = 1 
gave a curve whose curvature was much too 
small. 

This is shown in figure 3 where the curves 
of figure 1 have been replotted for com¬ 
parison. It is seen that the exponential 
function which matches the measured 
values for e v /e g equal to one is a poor fit for 
values less than this. If, however, an em¬ 
pirical curve of the form 

y - 1 - kx n 

is used, there are two parameters to select. 

A particular ordinate and curvature can be 
selected independently, and a much better 
fit to the observed values can be obtained. 

In this empirical formula the coefficient 
determines the intercept upon ep/e g = 1 
and the exponent the curvature. This 
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The History and Results of High- 
Speed Breaker Development 

H IGH-speed-oil-circuit-breaker devel¬ 
opment was really started in the 
period 1929-1930 and the first tests with 
high-speed 138-kv breakers were made at 
Philo in July 1930. The results of these 
tests, both from a breaker-design stand¬ 
point and from a system viewpoint, were 
described some seven years ago. 1 At 
that time it was definitely expected that 
operating benefits would be obtained out 
of the additional high speed but the 
problem of high speed was not yet then 
an acute or pressing one. 

Parallel with that, although really ante- 
ceding that, was the development of high¬ 
speed relaying. This was first developed 
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form permits the choice of the proper 
curvature from a whole family of curves 
with the required exponent. 
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R* W. Porter: Mr. Spangenberg is correct 
in pointing out the fact that there exists a 
very simple relation between the ratio of 
plate-to-grid current and the ratio of plate- 
to-grid voltage: In order to combine this 
Repression with the space-charge equation 
in such a way as to obtain the plate current, 
however, it is necessary to perform manipu¬ 
lations which destroy some of the simplicity. 
The empirical form shown in figure 3 will 
not hold for very large ratios of grid-to- 
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in what proved to be an impractical form 
in 1926. The original aim at that time 
was for a universal relay system that 
would operate, that is, would give an 
impulse to the breaker trip circuit within 
20 cycles. The two developments went 
along in parallel although actual practical 
achievement in breaker speeds was at¬ 
tained much earlier than the relaying. 
However, by 1935 both achievements 
had been brought to such a state of per¬ 
fection that it was entirely a routine mat¬ 
ter to be able to get a six-to-eight-cyde 
132-kv breaker in fairly standard con¬ 
struction and to get a relay system that 
would give universal protection in a 
period of one cycle or less. The history 
of the relay development has already been 
fully described. 2 By that time also the 
development in breakers had been car¬ 
ried through not only in the 138-kv 
dasses but in the lower voltage classes as 
well. For spedal services, such as the 
Boulder Dam job, breakers of much 
faster speed were needed and three-cycle 
breakers of the impulse type were actually 
devdoped and built. 3 

Both of these developments have had 
the widest influence on the development 


plate voltage since it indicates the possi¬ 
bility of negative plate currents. 

In general all these expressions lead to 
difficult integrations when applied to radio¬ 
frequency design problems, so frequently it 
is of great advantage to have only one 
parameter involving division of current 
between grid and plate even if the empirical 
curve does not match the data perfectly at 
all points. The chief justification for per¬ 
mitting a certain amount of mismatch is 
that under normal operating conditions 
most of the plate and grid current will flow 
when the ratio of grid-to-plate voltage is 
nearly one. Hence the error in design 
calculations can be made small even when 
a single parameter is used. A second con¬ 
sideration is that secondary emission has a 
tendency to increase the ratio ip/(ip + i 0 ) 
for small values of e g /ep and to decrease it 
for high values. Consequently any spread¬ 
ing of the curves shown in figure 3 as a 
result of secondary emission will be in the 
direction of the exponential curve. 
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kR DISPLACEMENT — ELECTRICAL DECREES 


Figure 1. Transmission diagram of Charleston 
division, Appalachian Electric Power Com¬ 
pany 
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and successful performance of modem 
transmission lines and networks. The 
effect on electric-power-system develop¬ 
ment and operation of these developments 
in breakers and relays can best be il¬ 
lustrated by a few typical examples of 
problems arising in transmission system 
operation and performance where the 
solution from a practical standpoint can 
be obtained only by a faster clearing of 
faults, which in turn can be obtained only 
by a high-speed breaker and in many 
cases only by a high-speed breaker 
coupled with a fast relay system. 

Figure 1 shows a portion of the trans¬ 
mission system of the Appalachian Elec¬ 
tric Power Company which operates in 
Virginia and West Virginia. This trans¬ 
mission system also extends to the affili¬ 
ated companies, the Kentucky and West 
Virginia Power Company, Incorporated, 
and Kingsport Utilities, Incorporated, 
operating in Kentucky and Tennessee, 
respectively. The portion that is of par¬ 
ticular interest is that part of the Charles- 
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1— London 

2— Marmet 

3— Cabin Creek 
* Fault on 


4— Turner 132-kv system 

5— Scarbro condenser 

6— Belle motor load 


time-seconds 
Figure 2. Swing curves from stability study of 
Charleston division 
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-Fault cleared by simultaneous opening 

of breakers in 0.20 second — 12 
cycles 

- - - - Fault cleared by simultaneous opening 
of breakers in 0.15 second =* 9 
cycles 
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ton division lying between the Turner 
substation, which is west of Charleston, 
W. Va. } and the Cabin Creek plant 
located at Cabin Creek Junction, W. Va., 
which is the principal steam plant serving 
that region and the immediately sur¬ 
rounding area. The loads in this territory 
are comparatively heavy, being predomi¬ 
nantly coal and chemical operations. At 
the Belle substation, some six miles from 
Cabin Creek, a single load which some 
eight or nine years ago started at about 
3,000 kw has now increased to approxi¬ 
mately 42,000 kw, the principal use of 
power being in the operation of synchro¬ 
nous motors as large as 2,700 horsepower 
which drive high-pressure (1,200-atmos¬ 
phere) compressors. Although some diffi¬ 
culty was experienced with surges in the 
early days when this load was building up, 
the problem seemed to have been entirely 
cleared up after an extensive investiga¬ 
tion was carried out some five years ago, 
which showed the desirability of making 
some control changes on the motors and 
speeding up of the breakers on all the 
lines in the immediate neighborhood of 
the load. 

About 2 1 / 2 years ago an additional 
source of generation was brought in al¬ 
most directly on the bus bar of the main 
substation supplying this load. It was 
expected that this would have a beneficial 
effect on the stability of the supply sys¬ 
tem, but a series of disturbances that oc- 
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Figure 3. View of 138-kv oil circuit breaker 
set up for test at Philo, Ohio, November 1937 


curred over the period immediately fol¬ 
lowing the bringing in of the new genera¬ 
tion source indicated that apparently the 
contraiy had actually occurred. This 
led to a very thorough analysis of the 


system in the area and its performance 
under surge conditions, and this analysis 
very definitely showed that as was origi¬ 
nally expected, the generating plant is 
aiding the system materially in maintain¬ 
ing the stability and’voltage conditions, 
but that the growth of the large syn¬ 
chronous-compressor load had changed 
the complexity of the entire distribution 
problem so that a system of fault clearing 
that was adequate three years prior to the 
initiation of this trouble, was no longer 
adequate with the coming in of the new 
plant. The reason for this can be further 
seen from an examination of figure 2 
which shows the performance of the vari¬ 
ous portions of the system for a fault at 
Cabin Creek on one of the two circuits 
running from Cabin Creek to this point. 
It will be noticed that the phase-angle 
displacements of the various portions of 
the system have been plotted against 
time from the initiation of a fault. At 
0.2 second, that is at 12 cycles, the swing 


curve of the motor (curve 6) definitely 
shows the motors will fall out of step with 
the system. The rest of the system, that 
is the generating equipment at Marmet 
and at other points on the system, is a 
little shaky at this point but in all proba¬ 
bility could ride through. On the other 
hand it will be clearly seen that by cutting 
the time 0.05 second, that is by decreas¬ 
ing the time only three cycles and reduc¬ 
ing the maximum time of clearing of the 
fault to nine cycles (0.15 second) every¬ 
thing on the system, including the syn¬ 
chronous motors, will ride through the 
period of trouble in perfect safety. It is 
obvious that, granted a one-cycle relay 
system, the necessaiy maximum of nine 
cycles can be obtained only by a breaker 
having a time of eight cycles or less. 

The above is a typical stability prob¬ 
lem. Its solution was made possible by an 
eight-cycle breaker in combination with a 
one-cycle relay system. However, that 
is no guarantee that similar or other more 




involved problems in the future will not 
call for even faster time. If it is granted 
that one-cycle relay time is about as fast 
as can practically be sought, it is obvious 
that more breaker speed and speed be¬ 
yond eight cycles is needed. 

As a matter of fact such a need arose 
in connection with the development of 
ultrahigh-speed reclosing of transmis¬ 
sion lines. 4 Here, although ultrahigh- 
speed reclosing was successfully accom¬ 
plished on a breaker having very little 
better time than eight cycles, it was evi¬ 
dent that the amount of waiting time 
with the line de-energized, necessary to 
bring about deionization, was not only a 
function of the arc current and the atmos¬ 
pheric conditions, but was also dependent 
upon the duration of arcing. Obviously 
if the arcing time was reduced, the total 
time necessary for reclosure would be 
reduced not only by that time but also by 
the additional gain as a result of the re¬ 
duced waiting time needed with line 
de-energization. 

A realization that the solution of many 
transmission problems, as typified by the 
two outlined above, was possible only by 
virtue of the fact that high-speed inter¬ 
ruption was available when needed led to 
a decision some two years ago to apply 
the knowledge gained in the development 
of the impulse breaker to the development 
of a breaker having substantially higher 
speeds than appeared possible with the 
conventional oil blast breaker, and to do 
so along lines that would give the breaker 
no insurmountable economic handicaps 
in finding application on normal and com¬ 
mercial power systems. The results of 
that development are being described in 
the companion paper of Spurck and 
Strang. 

Aims and Objects of Tests 

The object of the tests herein described 
was basically to determine whether a 
breaker designed along the lines outlined 6 
would successfully perform under the 
severe duty and test conditions that it 
was possible to set up at Philo. It was 
felt that in the light of the broad back¬ 
ground of experience on breaker develop¬ 
ments and tests obtained over a period of 
some 12 years, it was not safe to assume 
that the design difficulties encountered in 
making a change such as is invo ved in the 
development described could be over¬ 
come without thorough field testing. It 
was felt that these difficulties were so 
great that even with the fullest theo¬ 
retical background and with the maxi¬ 
mum amount possible in factory testing, 
it was not reasonable to expect even the 
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most skilled designer to take care with 
finality of all the problems that were 
bound to arise. Hence the only safe 
basis of procedure, particularly since the 
equipment was protective equipment, was 
to subject the design to severe field tests 
and thus bring to light initial design er¬ 
rors and weaknesses. Past experience had 
indicated that those were almost inevit¬ 
able and that designs put through the 
finishing developmental stages made pos¬ 
sible by such tests were far more likely to 
operate trouble-free and completely suc¬ 
cessfully than those that were not sub¬ 
jected to the rigid experience of full field 
tests. 

In short, it was hoped through this de¬ 
velopment and these tests to get a breaker 
having a time possibly close to four cycles 
in a design sufficiently simple, however, 
as to involve no appreciable, if any, in¬ 
crease in cost. Past experience had indi¬ 
cated that with a growing power system, 
having available such designs on an eco¬ 
nomical basis when they were actually 
needed was a material factor in maintain¬ 
ing not only reliability of system service, 
but in keeping system growth within 
economic limits. 

System Setup for Tests 

The Philo plant on the system of The 
Ohio Power Company provides the great¬ 
est concentration of power on the Ameri¬ 
can Gas and Electric Company 132-kv 
system and was, therefore, chosen again, 
as in 1930, as the best place to test the new 
oil circuit breaker. As a matter of fact, 
the test breaker was set up in almost 
the same location with respect to the 
132-kv switchyard as in 1930, 1 and it was 
connected in the same way to the trans¬ 
fer bus so as to make use of one of the 
Crooksville oil circuit breakers as a 
back-up breaker. A view of the breaker 
setup for test is shown in figure 3. 

Likewise, the system setup as shown in 
figure 4 did not differ materially from that 
available for the 1930 tests, although a 
number of important system changes 
have been made since then. These in¬ 
clude the double circuiting of the line 
from Philo all the way to Twin Branch, 
the installation of a 36,000-kva syn¬ 
chronous condenser at Fostoria, the plac¬ 
ing in service of the hydro plants at Lon¬ 
don, Marmet, and Winfield, and the erec¬ 
tion of a new 132-kv line from Turner to 
South Point. Except for the Howard line, 
Which contributed substantially more 
current to the short circuit because of 
doiible circuiting, the effect of these 
changes in system setup and generation 
made very little difference in the short- 
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circuit current contributions from these 
lines for a short circuit at Philo. At the 
Philo plant although the electrical end 
of the plant itself is exactly the same as in 
1930, the actual short-circuit current 
supplied by the generators, as well as the 
total short-circuit current, was sub¬ 
stantially greater due to the increased 
mechanical speed of the breaker and the 
consequent smaller decrement occurring 
prior to parting of the breaker contacts. 
This factor, together with the increase in 
system capacity mentioned above, made 
it possible to record tests as high as 
2,000,000 kva based upon the initial cur¬ 
rent in the arc. 

Description of the New Breaker 

A detailed description of the design 
and theory of the new multibreak inter- 



Figurc 5. Cross section of multibreak, high¬ 
speed interrupter used in oil circuit breaker 
tested at Philo, April 24,1938 

1— Contact support rods 

2— Contact cap 

3— Springs 

4— Contact pressure springs 

5— Stationary contact bar 

6— Movable contact 

7— Stationary contact bar 

8— Port segment 

9— Stationary contact bar 

10— Flexible connection 

11— Opening springs 
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rupter, with particular reference to the 
six-break, 230-kv type, is given in the 
Spurck and Strang paper. The inter¬ 
rupters used in the test breakers at Philo 
were, of course, of the four-break design 
and were installed in a 138-kv conven¬ 
tional type of oil circuit breaker using 
standard 60-inch round tanks as shown 
in figure 3. A cross section of the inter¬ 
rupter itself is shown in figure 5, and a 
photograph of the interior parts alongside 
of the enclosing cylinder is shown in figure 
6. The latter shows the general appear¬ 
ance of the interrupter, including the 
double-port opening in the side of the 
enclosing shell, whereas the cross section 
(figure 5) shows the arrangement of the 
four breaks, current carrying parts, loca¬ 
tion of port openings with respect to the 
interrupting breaks, and the compression 
springs along the central insulating rod. 

The high-speed operating mechanism 
used on this breaker was similar to that 


shown schematically in figure 4 of the 
Spurck and Strang paper, except that it 
was designed for ultrahigh-speed reclos¬ 
ing, although most of the parts necessary 
for reclosing service were omitted. As 
shown in figure 3, this mechanism was 
mounted on the end of number 1 tank of 
the breaker. 

Test Program and Results 

Three series of tests, the first on 
November 20 and 21, 1937, the second on 
November 28, 1937, and the third and 
final series on April 24, 1938, were carried 
out on this breaker. This program may 
be summarized briefly as follows: 

(a). Interrupters of the single-port de¬ 
sign as described by Spurck and Strang were 
used in the first series of tests but failed to 
withstand the internal pressures developed 
in connection with currents somewhat above 
their rating. 


( b ) . In the second series of tests, using two 
poles only, one pole was equipped with 
single-port interrupters, while the second 
pole was equipped with double-port inter¬ 
rupters and larger total port area. As in the 
previous tests, the single-port interrupters 
failed to withstand the pressures developed 
at currents somewhat above their ratings, 
whereas the double-port interrupters per¬ 
formed successfully and the series of tests 
was completed on a single-phase basis. 

(c) . The third and final series of tests 
was carried out on a complete three-phase 
basis, using interrupters with double-port 
openings and substantially strengthened 
enclosing cylinders, together with other 
minor modifications. The breaker came 
through these tests in a completely success¬ 
ful manner. 

Detailed results of these tests are given 
in tables I, II, and III covering the first, 
second, and third series of tests, re¬ 
spectively. These results will be de¬ 
scribed in more detail below: 

Tests of November 20 and 21, 1937 





Figure 6. View of 
interior parts and 
enclosing cylinder of 
interrupter after tests 
at Philo, April 24, 
1938 


As shown in table I, six preliminary 
tests were made, using one generator only, 
the first test primarily to check the test 
setup, and the other five with varying ex¬ 
citations on the generator to furnish in¬ 
formation in connection with generator 
reactance characteristics. The remainder 
of the tests on November 20, included, 
first, a series of eight shots with two 





Figure 8. Oscillogram of test number 38, November 28, 1937, show¬ 
ing Interruption of 8,500 amperes, single phase, in 3.7 cycles 
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Table I. First Series of Tests—November 20 and 21,1937 


Breaker Time 

Test „ « Initial Current in Arc (Cycles) Equivalent 

Num- Machines at Lines Connected-Kva 

ber Type Philo (Kva) to 132-Kv Bus 1 2 3 1 2 3 Interrupted Remarks 


1... 

. 0... 

.1 

42,100. 

... .None. 

..1,000.. 

.. 940.. 

., 990.. 

.. Delayed tripping.. 

.. 230,000 

Tests for generator 

1 A . 

. 0... 

.1 

42,100. 

.. . .None. 




. . Delayed tripping.. 


reactance data 

2... 

. 0... 

.1 

42,100. 

. .. .None. 

.. 92... 

.. 92., 

.. 92.. 

.. Delayed tripping.. 

6,400.. 

.. 0.25 normal voltage 

3... 

. 0... 

.1 

42,100. 

... .None. 

.. 170... 

.. 170.. 

.. 170.. 

.. Delayed tripping.. 

21,000... 

.. 0.50 normal voltage 

4... 

. 0... 

,.l 

42,100. 

. .. .None. 

.. 240... 

.. 240.. 

.. 240.. 

.. Delayed tripping.. 

.. 42,000.. 

.. 0.75 normal voltage 

5.. . 

.CO... 

,.l 

42,100. 

... .None. 







6.. . 

. 0... 

..1 

42,100. 

... .None. 




. .Delayed tripping.. 


.. 1.10 normal voltage 

7... 

. 0... 

..2 

42,100. 


..1,500., 

..1,400.. 

..1,200.. 

..3.7.. 

..3.5.. 

..3.4.. 

.. 360,000.. 

.. Cleared OK 

8... 

. 0... 

. .2 

42,100. 


.,1,500.. 

..1,300.. 

..1,400.. 

..3.8.. 

..4.1.. 

..3.4.. 

.. 360,000.. 

.. Cleared OK 

9... 

.CO... 

.2 

42,100. 

... .None. 

..1,400.. 

..1,500.. 

..1,500.. 

..4.1.. 

. .4.0.. 

,.3.9.. 

.. 360,000.. 

.. Cleared OK 

10... 

.CO... 

,.2 

42,100. 


,.1,450.. 

..1,200.. 

..1,600.. 

..4.6.. 

..4.4.. 

..4.2.. 

.. 380,000.. 

.. Cleared OK 

11... 

. 0... 

..2 

42,100 ( 

1 — Canton j 

1,600.. 

..1,450.. 

..1,200.. 

..3.0.. 

. .3.5.. 

..3.8.. 

.. 380,000.. 

..Cleared OK 

12... 

. 0... 

. .2 

42,100 J 

line open at (. 

1,200.. 

..1,400.. 

..1,600.. 

..4.2.. 

..3.6.. 

..3.4.. 

.. 380,000.. 

.. Cleared OK 

13... 

.CO... 

. .2 

42,100 ) 

far end ) 

1,300.. 

..1,350.. 

,.1,350.. 

..4.3.. 

..3.7.. 

..3.9.. 

.. 320,000.. 

..Cleared OK 

14... 

.CO... 

..2 

42,100 


1,200.. 

..1,400.. 

..1,300.. 

..4.3.. 

..3.7.. 

. .4.0.. 

.. 335,000.. 

.. Cleared OK 

15.., 

. 0... 

..1 

187,000 | 

(2 — Howard, 

4,200.. 

..3,900.. 

..4,700.. 

..3.9.. 

..3.3.. 

..4.2.. 

..1,100,000.. 

.. Cleared OK 

10.. , 

. 0... 

. .1 

187,000 J 

'2 — Rutland s. 

4,300.. 

..4,300.. 

..4,200.. 

..4.2.. 

..3.6.. 

..3.9.. 

..1,000,000.. 

.. Cleared OK 

17.., 

.CO... 

..1 

187,000 j 

1 closed toj 

4,500.. 

..4,000.. 

..5,300.. 

..3.1.. 

..2.5,. 

..1.5.. 

..1,270,000.. 

..Cleared OK f Poor contactl 

18.., 

.CO... 

..1 

187,000 

system 

4,000.. 

..4,800.. 

..3,800.. 

..3.0.. 

..1.4.. 

..2.7.. 

..1,150,000.. 

.. Cleared OK 1 number 1 pole J 

10.. 


(1 

187,000 l 1 

’All exceptl 

6,500.. 

..6,700.. 

..6,350.. 

..3.5.. 

..3.4.. 

..3.8.. 

..1,600,000.. 

..Cleared OK (Poor contact! 

20.. 

. 0 f 

ll 

42,100 f 1 

1 Crooksville J 

6,800.. 

..6,700.. 

..6,300.. 

..3.6.. 

..3.5.. 

..3.3.. 

..1,620,000.. 

.. Cleared OK 1 number 1 pole > 

21.. 

.CO 5 




5,900.. 

..7,800.. 

..6,600.. 

. .6.0.. 

..0.5.. 

. .0.3.. 

..1,860,000.. 

.. Cleared OK. Heavy jar, poor contact 













number 1 and number 3 poles 

22.. 

..CO... 

{1 

187,000 l ... ( 

All exceptl . 

0... 

.5,800.. 

..6,400... 


..3.5.. 

..3.4.. 

..1,530,000.. 

.. Cleared OK. No current number 1 pole. 



ll 

42,100 > l 

Crooksville ) 








Poor contact number 3 pole 













Interrupter number 1 pole shattered on 













test number 21 

23.. 

.. ) 0 

(1 

187,0001 ( 

All. 

0.. 

0. 

...8,000.. 



...3.6.. 

..1,900,000.. 

. . Cleared OK. Tests number 3 pole only 

24. . 


12 

42,100) j .. 

.All.. 

0.. 

0. 

...7,600.. 



..3.2.. 

..1,820,000.. 

. . Cleared OK 

9i» 

\ 



.All. 

0 .. 

0. 

. . .7.300.. 



..3.3., 

..1,750,000.. 

.. Cleared OK. Heavy jar. Interrupter 


number 3 pole shattered 


generators only, including four tests with 
and four without a transmission line con¬ 
nected to the 132-kv bus to furnish a com¬ 
parison between high- and low-voltage 
recovery rates. While the longest breaker 
time occurred with the high recovery rate 
setup where no lines were connected, the 
average results showed no consistent dif¬ 
ference. This comparison, of course, was 
not particularly satisfactory because of 
the relatively low short-circuit current 
involved. It was not feasible to make 
such a comparison at higher levels of short- 
circuit current. All of these tests, 1 to 14, 
inclusive, in table I, were made on a setup 
completely isolated from the rest of the 
system. 

Tests 15 to 18, inclusive, at a duty 
slightly above 1,000,000 kva, were carried 
out on November 21 without incident, 
with breaker time from less than two 
cycles to slightly over four cycles. On 
the next four shots, tests 19 to 22, in¬ 
clusive, with slightly less than the full 
system capacity, the first two were en¬ 
tirely successful at approximately 1,600,- 
O00 kva, whereas test number 21 showed 
evidence of distress, and on test number 
22 no current was obtained in phase 1 as 
a result of the complete shattering of one 
of the interrupters in that phase on the 
previous test. Three more shots were 
then carried out on a single-pole basis, 
the last of which at 1,750,000 kva de¬ 
stroyed one of the remaining interrupters, 
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thus concluding the first series of tests. 

Figure 7 shows an oscillogram of test 
number 7, a typical light shot of this 
series. The points at which tripping, 
contact parting, and interruption oc¬ 
curred and the actual breaker time are 
indicated on the oscillogram. 

Tests op November 28, 1937 

Between November 21 and November 
28, two sets of interrupters sufficient to 
equip two breaker poles were recon¬ 
structed one with single-port openings 
approximately the same as on the initial 
tests, and the other with double-port 
openings and increased port area. As 
shown in table II, the interrupters with a 
single port, after withstanding four shots 
at light duty and two shots slightly above 
the full rating, failed on test number 32, 
causing mechanical damage to the inter¬ 
rupter and allowing arcing in that pole 
to continue for something more than 
thirty cycles until the back-up breaker 
opened the circuit. Subsequent examina¬ 
tion of the interrupters in pole 2 indicated 
that electrical arc-over as well as mechani¬ 
cal damage had occurred. 

Single-phase tests were then continued 
on the single pole with the double-port 
interrupters, concluding successfully a 
series of six with the full system capacity 
and a maximum recorded value of 2,000,- 
000 kva on the last two shots. An oscil¬ 
logram showing one of these last two 
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heavy shots, test number 38, is presented 
in figure 8. As noted on the oscillogram, 
the opening time of the breaker in this 
case was 3.7 cycles. 

Tests op April 24, 1938 

While the series of single-phase tests 
on the double-port interrupters as com¬ 
pleted on November 28,1937, was entirely 
successful, neverthdess it was fdt that, 
as a definite proof of the final design, it 
would be advisable to carry out a series 
of three-phase tests on the breaker 
equipped throughout with the double¬ 
port interrupters. This was particularly 
so since in the final interrupters, the de¬ 
signers, taking advantage of the informa¬ 
tion gained from previous tests, had made 
a number of modifications, sudi as in¬ 
creased strength of endosing cylinders, 
improved electrical insulation, and other 
changes of a minor character. 

The results of this final series of tests 
are shown in table III. These show that 
the breaker in its final form gave a most 
creditable performance. As shown in 
this table, after two preliminary shots 
with two generators only, the breaker was 
subjected immediately to four tests at 
duties between 1,400,000 and 1,500,000 
kva, followed by six shots at the full 
system capacity, with a maximum of 
about 2,000,000 kva. As shown also in 
table III, on the last ten shots which were 
taken at duties from 1,400,000 to 2,000,- 
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Table II. Second Series of Tests—November 28,1937 


Test 

Ntim* Machines at 

ber Type Philo (Kva) 


Lines Connected 
to 132-Kv Bus 


Initial Current in Arc 


26.. .. 0.2 42,100.. 

27 - O.-2 42,100.. 

28 -CO....,2 42,100.. 

29.. ..CO.... .2 42,100.. 

I?:::: SI (j i87 -°°°} 

32.::.cS) h 42 - loo, 


| This pole 
not con- 
nected 


33) 

.ox 

34 J 

CO) 

35... 

. 0\ 

36... 

.cot 

37... 

. Of 

38... 

.coy 


1 All except 1 
l Crooksville ) ' 


(All except! 
< Crooksville J 


' This pole 
, not con¬ 
nected 


e) /1,800... .2,0' 
J 1,850... .l,0i 
) ) 1,900.... 1,8 

VI,600.... l,9i 

le) C 6,700... .6,3< 

16,600. 

) (6,200.... 6,91 


Breaker Time 

(Cycles) Equivalent 

--— Kva 

12$ Interrupted 


.3.7 - 4.0 - 480,000. 

.3.6....3.3.... 440,000. 

.3.8-6.0.... 480,000. 

.4.0....4.7.... 450,000. 


.3.5-3.3_1,600,000. 

• 3.3.1,550.000. 

.3.3.... 1,650,000 


(Poles 1 and 2) 
l disconnected J 


{Poles 1 and 2 ) 
i disconnected > 


5,900. 

.3,3.. 

1 4nn non 

6,000. 

.3.5*. 

. 1 4.2n nnn 

8,200. 

.3.5.. 

i fifto nnn 

7,700.. 

..3.2.. 

• • A f«7Vw|UUU i 

„ i 84n nnn 

8,500. 

.3.3.. 

. .2 oon nnn 

8,600. 


..2,000,000. 


Remarks 


..Cleared OK 
.. Cleared OK 
.. Cleared OK 
.. Cleared OK 

.. Cleared OK [pole 3 

. Cleared OK No oscillogram 
Arced to end of stroke on pole 2. 
Sustained oil spray from 
tank 2. Cleared by back-up 
breaker. Interrupters in 
pole 2 damaged 

{ Pole 3 only with 
doubleport inter¬ 
rupters on re¬ 
mainder of tests 

r Added solid neu¬ 
tral ground to 2~ 

. Cleared OK 63,000 kva banks 
. Cleared OK not previously 
. Cleared OK grounded. All 
.Cleared OK other banks 
grounded 
(throughout. 


000 kva, the breaker time varied from the 
ma x i mu m of 3.5 cycles to a minimum of 
less than two cycles. On the first two 
shots, however, which were made at light 
duty and, incidentally, at a high recovery 
rate, the breaker time, as would be ex¬ 
pected, is somewhat longer. On shot 
number 2 this time reached a maYtmtim 
of 5.7 cycles on pole number 2, which 
interrupted 1,400 amperes or the equiva¬ 
lent of 335,000 kva. Inasmuch as the 
duty in this case was actually less than 
25 per cent of the breaker rating, the five- 
cycle speed rating of the breaker was, 
therefore, not actually exceeded under 
the prevailing standard rules for breaker 
rating. A typical oscillogram taken dur¬ 
ing this series of tests, showing the 
interruption on test number 8, is repro¬ 
duced in figure 9. 

The entire series of tests was carried 
out without any indication of distress, 
the only outward evidence of circuit inter¬ 
ruption being the noticeable jar trans¬ 
mitted through the cinder-filled ground 
occupied by the test setup and a small 
amount of smoke or vapor issuing from 
the vent pipes on the tanks. 

Following the tests, all of the inter¬ 
rupters were removed from the tanks for 
inspection and were found to be in excel¬ 
lent condition, showing no signs of dis¬ 
tress whatever. A photograph of one of 
the interrupters taken after the comple¬ 
tion of the tests is shown in figure 6. 
This is typical of all of the interrupters 
removed from this breaker. With the 
small amount of burning indicated on the 
contacts, it appeared that the inter¬ 
rupters could have withstood many more 


tests without maintenance or adjus tmen t. 

As would be expected, oil samples 
taken immediately after the tests showed 
no noticeable discoloration and tested an 
average of 30 kv, the same as at the be¬ 
ginning of the tests. 

Effects of Tests 
on System Operation 

In order to minimize the possibility of 
disturbances to customers during these 
tests, special arrangements were made to 
take care of certain areas electrically close 
to the Philo bus and thereby subject to 
the greatest voltage dips. The Newark 
area was taken care of by operating the 
Newark steam plant, tied in with the 
system only through a 66-kv line extend¬ 
ing north to Howard substation and en¬ 
tirely disconnected from the normal 
132-kv source at Crooksville. On the 
other hand, the town of Zanesville, which 
included among its factories a number of 
glass plants, which are generally par¬ 
ticularly susceptible to voltage dips, had 
to be subjected to the full disturbance, as 


there was no other way to supply the 
town. Therefore, as a precautionary 
measure, the large industrial customers 
were notified as to the exact time of carry¬ 
ing out the shots with full system capac¬ 
ity in order that they could have operating 
men on hand to restart any motors which 
might possibly drop out because of some 
unforeseen contingency or because of, 
perhaps, some instantaneous under-volt¬ 
age releases. 

Except for these precautions, the effect 
of the tests on the system may be said 
to have been practically negligible as far 
as any harmful effects are concerned. 

Conclusions 

This entire program of field tests in 
connection with the development of this 
new high-speed interrupter has again 
demonstrated what was brought out in the 
beginning of this paper, namely, that no 
matter how skilled the designers may be, 
and with the most exhaustive research 
testing that is possible in factory testing 
laboratories, it is still necessary to look 


Figure 9. Oscillo¬ 
gram of test number 
8, April 24, 1938, 
showing interruption 
of 7,700 amperes in 
3.25 cycles 


























Table 111. Third Series of Tests—April 24,1938 


Test 

Ntuo- Machines at 

ber Type Philo (Kva) 


Breaker Time 

Initial Current in Arc (Cycles) Equivalent 

Lines Connected —--- - Kva 

to 132-Kv Bus 1 2 3 1 2 3 Interrupted 


Remarks 


1.. 

.. O . 2 

42,100... 


...1,600.. 

..1,400.. 

..1,500.. 

..3.6.. 

..3.6.. 

..3.7.. 

.. 380,000.. 

.. Cleared OK 

2 .. 

.CO.2 

42,100... 


...1,600.. 

..1,400.. 

..1,300.. 

..4.2.. 

..5.8.. 

. .5.0.. 

.. 380,000.. 

.. Cleared OK 

3.. 

. O.1 

187,000 


5,700.. 

..5,700.. 

..6,500.. 

..3.2.. 

. .3.0. 

..3.3.. 

..3,550,000.. 

. . Cleared OK 

4.. 

. O . 1 

187,000 

(All except) 

6,000.. 



..3.5.. 



..1,430,000.. 

. .Cleared OK. No record poles 2 and 3 

5.. 

.CO . 1 

187,000 

l Crooksville J 

'*'5,700.. 

..5,700.. 

..5,800.. 

..3.4.. 

..3.2.. 

..2.6.. 

..1,380,000.. 

.. Cleared OK 

6.. 

.CO . 1 

187,000 


5,900. . 

..5,600.. 

..5,800.. 

..3.5.. 

..3.3.. 

..3.2.. 

..1,400,000.. 

.. Cleared OK 

7.. 

8.. 
9.. 

: it <8 

187,000 \ 
42,100 > ' ‘ 


( 6,700.. 
.< 6,800.. 
( 8,200.. 

..7,100.. 

..7,100.. 

..7,500.. 

..7,400.. 

..7,700.. 

..7,300.. 

..2.9.. 

..2.9.. 

..3.2.. 

.3.2.. 

..3.3.. 

..1.5.. 

..3.0.. 

..3.1.. 

..1.3.. 

..1,760,000.. 

..1,840,000.. 

..1,960,000.. 

.. Cleared OK 
.. Cleared OK 
.. Cleared OK 

10.. 

11.. 

12.. 

a u 

187,000 \ 
42,100 f * * 

.All. 

f 8,200.. 
A 7,000.. 
( 7,500.. 

..7,300.. 

..7,300.. 

..8,600.. 

ocwm 

o o o 
o o o 

..2.7.. 

..3.5.. 

..3.4.. 

..1.7.. 

..1.3.. 

..2.7.. 

..1.4.. 

..1.6., 

..1.6.. 

..1,960,000,. 

..1,840,000.. 

. .2,000,000.. 

.. Cleared OK 
.. Cleared OK 
.. Cleared OK 


to actual high-capacity field tests for 
ultimate confirmation of circuit breaker 
designs and to bring out possible weak¬ 
nesses which otherwise may escape dis¬ 
closure. In this particular development 
there is no question but that the funda¬ 
mental design of the interrupter and, in 
general, its details had been worked out 
on a sound basis. It is no reflection what¬ 
ever on the designers that unforeseen 
weaknesses were disclosed in the tests; 
on the contrary, it is proof of the sound¬ 
ness of the development that compara¬ 
tively minor changes based upon the in¬ 
formation obtained from the tests were 
all that were necessary to enable the final 
design to go through what is believed to 
be the most severe series of tests yet made 
on a high-voltage circuit breaker and do 
so with perfect performance. 

It is also interesting to look at this 
development in the light of what has 
recently been said and written in consider¬ 
able volume on the subject of oilless and 
oil-poor circuit breakers. A great deal of 
development work, largely abroad, but in 
an appreciable amount also in this 
country, has been going on in this field 
and many engineers have felt that such 
oilless or oil-poor breakers might eventu¬ 
ally become the final answer to the cir¬ 
cuit-breaker problem. Here we have, 
however, in an oil circuit breaker of the 
conventional type, the culmination of 
developments which have been carried 
along for some years in an orderly man¬ 
ner, resulting in a breaker which, with a 
rating of ; 1,500,000 kva, has demon¬ 
strated its ability to interrupt repeatedly 
and with no apparent effort, short cir¬ 
cuits at and well above its rating, up to 
maximum values of 2,000,000 kva, with 
speeds consistently under four cycles, 
Viewed from this angle, we cannot hdp 
but feel that this development is truly a 
tribute to the level-headed skill and 
ingenuity of our American designers. 

It goes without saying that the carrying 
out of tests of this nature represents hot 
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only an actual expense in time, construc¬ 
tion, and even fuel cost, but also a con¬ 
siderable amount of stress and disturb¬ 
ance to the personnel operating a large 
power system. For all of this, however, 
we feel that we have been well repaid, 
first, because of the added confidence in 
the ability of the equipment and the sys¬ 
tem as a whole to handle disturbances 
smoothly gained by the operating forces 
and, second, for having been of assistance 
in putting the final necessary touches ol a 
development which is without doubt a 
notable one, and one which will become of 
considerable value both now and in the 
future as a much needed tool in the de¬ 
velopment, expansion, and safe operation 
of large inter-connected power systems. 
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Discussion 


J. B. MacNeill: See discussion, page 710. 


W. F. Sims: See discussion, page 711. 

S. B. Crary (General Electric Company, 
Schenectady, N. Y,): Power-system sta¬ 
bility has been an important factor in 
determining the maximum allowable fault- 
clearing times. If we consider generator 
stability only and not load stability, total 
fault clearing times of the order of nine 
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cycles for complete clearing of the fault 
appear to be adequate for even the most 
severe faults on the majority of power sys¬ 
tems, Exceptions exist, of course, when 
the transmission distances are great and 
the steady-state power margins correspond¬ 
ingly low. However, fault-clearing times 
less than that calculated as the maximum 
allowable for generator stability are desir¬ 
able in that a margin of safety is obtained 
which allows for unforseen extreme load¬ 
ings and operation. Also the lower the 
switch time the greater the time or flexi¬ 
bility which can be allowed for relaying. 
In some cases this will allow for sequential 
switching out of the faulty section rather 
than requiring simultaneous switching. 

The paper by Messrs. Spom and St. Clair 
discusses a problem which it is believed will 
become of increasing importance. This is 
the ability to remove severe faults quickly 
enough so that importantsynchronousmotor 
loads will not be lost. A synchronous motor 
is particularly liable to loss of synchronism 
for the following reasons. 

1. When the fault is on, the synchronous motor 
tends to decelerate due to its shaft load and the 
losses due to the flow of fault current. This is 
not the case for a generator as the losses due to 
the flow of fault current decrease the acceleration 
and therefore are beneficial. 

2. The size of the individual synchronous motors 
is usually small, so that the field flux decays more 
rapidly than in a generator due to the armature 
reaction created by the flow of fault current and 
the swing or oscillation after the fault is cleared. 

3. - The per-unit effective inertia of. the rotating 
element is usually much less than that of genera¬ 
tors. Exceptions exist, of course, for the case of 
high-inertia loads. This means that the angular 
displacement, in general, increases more rapidly, 

4. Synchronous motors are not usually provided 
with voltage regulators. This combined with the 
low field time constant, reduces their synchronous 
strength appreciably during the period the fault 
is on and immediately after it is cleared. 

5. Operators of industrial plants are not always 
cognizant of the stability problem or the im¬ 
portance of it, so they are apt to purchase and in¬ 
stall motors which do not necessarily have high 
pull-out torques. A large group of motors of only 
ordinary characteristics or a motor connected 
through a long line to a system may have very little 
stability margin even under steady-state condi¬ 
tions. 

All these factors combine to make the 
synchronous-motor load particularly sus¬ 
ceptible to pulling out of step. A most 
effective manner to prevent their losing 
synchronism is by quick switching. Be¬ 
cause of the nature of synchronous motor 
loads, the fault-clearing times for severe 
faults and locations relative to the syn- 
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chronous motor load must be quicker than 
that required in general for corresponding 
severe faults relative to the generating sta¬ 
tion. Fault clearing times of less than nine 
cycles then become highly desirable. 

If a power system has connected to it 
important synchronous-motor loads which 
require a high degree of service, then the 
need for very quick switching will un¬ 
doubtedly exist for severe faults relative to 
the synchronous motor load. 


L. F. Hunt (Southern California Edison 
Company, Ltd., Los Angeles, Calif.): 
The authors should be commended for 
their paper, and they should receive con¬ 
gratulations for their courage in pioneering 
actual system oil-circuit-breaker-short-cir- 
cuit tests. The work involved in lining up 
a system for short-circuit tests is enormous, 
and the reading of a paper such as this 
really does not give the reader a full under¬ 
standing of the intricacy of such tests. 

The engineers of the Southern California 
Edison Company, Limited, agree with the 
authors that the final proving ground for 
oil switches is the actual system short-cir¬ 
cuit tests. In fact, the latest policy has 
been to make system tests on breakers to 
ascertain complete information of their 
operation. 

If I may digress from the paper a small 
amount, I would like to mention that we 
have conducted many tests on switches, and 
more recently have conducted about five 
series of tests on 230-kv breakers on our 
220-kv system. Two series of tests were 
made on 230-kv breakers in accordance 
with the ones discussed in the paper, ex¬ 
cept having six breaks per pole instead of 
four. The first series was on April 25, 
1937. The results of these tests read lik e a 
carbon copy of the authors’ first series of 
tests November 20 and 21, 1937, except we 
were more fortunate in that we did not re¬ 
quire the operation of a back-up breaker. 
Then on October 17,1937, we ran the second 
series of tests with a much improved me¬ 
chanical designed interrupter described in 
the Spurk and Strang paper. These tests 
also were successful, as in the case of the 
authors* third series of tests. You will 
note that our final tests were made prior 
to the authors* first test. 

Just one question occurs to me. In the 
case of a failure on the test switch, how 
sure are you that the back-up breaker will 
take the rap and dear successfully? 

Again, I wish to congratulate the authors 
and their men for the courage of these and 
other tests. The valuable information 
gained will give all switch users better 
switches. 


D. C* Prince (General Electric Company, 
Philadelphia, Pa.): It seems appropriate 
to comment at this time on the debt of 
gratitude which switchgear manufacturers 
owe to operating engineers like Mr. Spom, 
who have the courage and willingness to 
subject their systems to high-power field 
testing, A high-power test laboratory is a 
very expensive thing. The largest labora¬ 
tories in this country have a symmetrical 
capadty a little over 500,000 kva and can 
deliver about 1,000,000 kva with a full 
offset wave. This is small compared with 
a 2,500,000-kva-rated breaker. 
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Various methods are employed to sub¬ 
stantiate ratings beyond test plant capacity. 
These indude pretripping, two-part tests, 
and other spedal arrangements. While 
there is good reason for having confidence 
in the data obtained from such tests, yet we 
all like to see how a circuit breaker behaves 
when it clears a fault on an actual system of 
large capacity. 

Without field tests a new design may oper¬ 
ate for months or years before its quality 
is tried by a real fault. The 287-kv trans¬ 
mission lines from Boulder to Los Angeles 
were so carefully protected by ground wires 
and counterpoises, and so well built that the 
circuit breakers were not called into auto¬ 
matic operation for nearly a year and a 
half. Then the flood came and there was a 
washout on both lines and the circuit break¬ 
ers isolated the faulted sections with hardly 
a blink of the lights. When the actual 
emergency arose of course there was no 
oscillographic equipment hooked up so 
that no one knows what actually did happen. 

The great power concentration around 
Philo actually delivered 2,000,000 kva to a 
fault which was cleared by the test breaker 
with all important events measured. Due 
to Mr. Spom’s courage and thirst for facts, 
we have an assurance of protection under 
actual operating conditions even though 
these conditions may include a catastrophe 
of nature such as the flood which damaged 
Boulder Dam-Los Angeles lines. 


V. M. Marquis (American Gas and Elec¬ 
tric Service Corporation, New York, N. Y.): 
A great many of us believe that the oil 
circuit breaker as an interrupting device 
represents a notable engineering achieve¬ 
ment. To forcefully bring this out, it 
would be interesting to compare its per¬ 
formance with that of other methods of 
stopping the flow of energy, such as, for 
example, with a high-pressure valve, a 
brake, or a fire extinguisher. However, to 
make a comparison between the oil circuit 
breaker and other devices or mechanisms 
for interrupting the flow of energy is rather 
difficult. In the case of the oil circuit 
breaker, the actual energy in the arc is low, 
perhaps not more than 1,000 kilowatt- 
seconds. The power factor of the faulted 
circuit is probably ten per cent or less. 
Furthermore, the circuit breaker resorts to 
the trick of interrupting the arc when the 
current passes through zero. Granting all 
of this, it must be remembered that when 
the circuit breaker is attempting to ex¬ 
tinguish the arc, the system voltage (in this 
case 132,000 volts) is at all times attempting 
to recover and although the current is in¬ 
terrupted when it passes through zero, it 
must be further borne in mind that the 
three phases do not open simultaneously, 
and therefore instantaneously there is an 
interchange of single-phase power (the mean 
of which is zero) between the phases which 
in kilowatts may possibly be equal to the 
kilovolt-amperes interrupted. All of this 
results in heavy forces which the oil circuit 
breaker must withstand because of the mag¬ 
netic field and the making of room for the 
gas bubbles as fast as they are formed. 

A comparison, although perhaps rather 
crude, might be made between the oil 
circuit breaker and the latest devices for 
extinguishing oil fires. We have made a 
rough comparison on this basis with some 
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recent tests in which large oil fires were 
extinguished by means of water from high- 
pressure nozzles. The calculated equivalent 
of mechanical power represented by the 
fires in these tests, based on burning ten 
gallons of oil per minute, is approximately 
25,000 kw, and the best performance ob¬ 
tained in putting out these fires was approxi¬ 
mately 20 seconds. On this basis it is 
obvious that the circuit breaker compares 
most favorably in doing its job in three 
cycles or V400 of the time taken to extinguish 
the fire. 

This breaker is reported to have inter¬ 
rupted a 2,000,000-kva short circuit in ap¬ 
proximately three cycles, and as shown by 
the film, a puff of smoke from the vents was 
the only visible sign that anything had hap¬ 
pened. It may be of interest to compare 
this with the oil fire by showing a short 
section of film of the oil fire tests already 
referred to. Regardless of the accuracy of 
the comparison, I think we can all agree 
that the modern oil circuit breaker performs 
efficiently a most difficult job in an ex¬ 
tremely short period of time. 


Philip Spom and H. P. St. Clair: In clos¬ 
ing the discussion on this paper, the authors 
would like, first of all, to thank those who 
have contributed some very interesting 
and helpful discussions. It is particularly 
gratifying to find that these contributors 
have shown by their discussions, as well as 
by direct expression, that they fully ap¬ 
preciate the scope and importance of an 
undertaking such as that described. 

Mr. Crary, we believe, has brought out 
the importance of high-speed switching in 
connection with the problem of stability 
involving synchronous-motor loads. We 
have already included in the paper some 
discussion of one such problem which was 
actually solved by speeding up circuit- 
breaker operation and we might say that 
there are many synchronous motor applica¬ 
tions on almost any system which will, in 
general, be affected by the speed of switch¬ 
ing. This problem, in fact, we consider to 
be one of die major arguments in favor of 
high-speed switching. 

Mr. Sims shows a keen appreciation of 
the development work which has been done 
both by the manufacturers on this breaker 
and by our company in bringing this to a 
successful conclusion by means of test. 
In pointing out that the design of the new 
interrupter is such that it may be applied 
to replace corresponding parts of older 
breakers at a very great saving over the 
complete replacement of breakers, Mr. Sims 
has emphasized again the credit which we 
have given in the paper to our American 
designers for the progress they have made 
in improving the conventional , oil circuit 
breaker along conventional lines. 

We are very glad indeed to note from Mr, 
Hunt's discussion that the engineers of the 
Southern California Company, Limited, 
have arrived at the conclusion that the only 
reliable final proving ground for oil circuit 
breakers is actual short-circuit tests and 
that it is the policy of the company at the 
present time to make such tests on the 
system. As we have stated many times be¬ 
fore, we are firmly convinced of the sound¬ 
ness of this position and we fully expect to 
continue making system short circuit tests 
whenever it is necessary to prove out a new 
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A New Multibreak Interrupter for Fast- 
Clearing Oil Circuit Breakers 


By R. M. SPURCK 

FELLOW AIEE 


Synopsis: A description of a new multi- 
break interrupter for fast clearing of short 
circuits applicable to high-voltage con¬ 
ventional tank-type oil circuit breakers. 
Breakers equipped with such interrupters 
were subjected to interrupting tests on 
large 138-kv and 230-kv systems during 
which short circuits as high as 2,000,000 
kva were interrupted in less than five cycles. 
The results of those interrupting tests are 
shown and discussed. 


I T IS generally recognized that fast 
clearing of short circuits on power 
systems is desirable because among other 
benefits, shortening the duration of short 
circuits reduces the: 

(a) Tendency of the system to become 
unstable. 

(b) Magnitude and duration of voltage 
dips. 

(c) Burning of the conductors at the point 
of short circuit. 

(d) Potential damage to apparatus. 

As the breaker interrupting time, that 
is, the time measured from the instant 


H. E. STRANG 

ASSOCIATE AIEE 

the trip coil is energized until the short 
circuit is interrupted, is an important 
part of the time required to dear a short 
dreuit, much attention has recently been 
given to the development of breakers 
having short interrupting times. Most 
breakers sold today for all voltages and 
interrupting ratings, have a rated inter¬ 
rupting time of eight cydes, 0.133 sec¬ 
ond. Some few breakers for spedal 
applications have had interrupting time 
ratings of three cycles, 0.05 second. 
Breakers of that time rating, utilizing 
the impulse oil-blast prindple in which 
oil is forced between the contacts by a 
mechanically driven piston, are used on 
the 287.5-kv transmission line between 
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the AIEE summer convention, Washington, D. C., 
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development in which we are interested. 

In regard to Mr. Hunt’s question as to 
how sure we are that the back-up breaker 
will take the rap and dear successfully in 
case of a failure on a test switch, the final 
answer to this question is that we are not 
positively certain. However, the back-up 
breaker used is one that has been in service 
and has performed successfully on many 
previous occasions during normal system 
operation and we have a fairly high degree 
of confidence that it will interrupt the short 
circuit. For one thing, the duty on the 
back-up breaker in such an event would be 
appreciably less than that involved in a 
quick clearing of the test breaker because of 
the longer time and resulting decrement. 
But, and this is more important, since the 
back-up breaker is one of the regular 
breakers on which is placed dependence for 
normal protection of the system, we fed 
there should be no question regarding its 
ability to handle the duty imposed upon it 
and if it is not capable of doing so, there 
really is no better time to find it out than 
under staged short-circuit conditions when 
everyone is on his toes and prepared for 
whatever may happen. 

Mr. MacNeill has brought out a number 
of interesting points, particularly in com¬ 
paring the present interrupter with the 
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multibreaker design used in the Boulder 
Dam 287-kv breakers. Since most of these 
points have to do mainly with design de¬ 
tails, I sTmll leave them for the consideration 
of the authors of our companion paper, 
Messrs. Spurck and Strang. Such discus¬ 
sions are always hdpful in darifying ideas 
and theories in connection with new de¬ 
velopments. 

Mr. Prince has pointed out that the cir¬ 
cuit breakers installed on the Boulder Dam- 
Los Angdes 287-kv transmission line were 
not called upon to operate on a short circuit 
for nearly IV 2 years after installation. 
While we are not nearly so fortunate on our 
own system in having such infrequent faults, 
at the same time circuit breakers may wait 
a long time for anything like a severe test, 
first, because interrupting capacities are 
usually figured on a more or less future setup 
and, second, because even though faults 
may occur frequently enough, the location 
of these faults is rardy such as to give rise 
to tire maximum possible fault current. 
This only confirms the wisdom of making 
system short-circuit tests to find out before 
one is lulled into a false sense of security 
and before there is a chance of an expensive 
failure, whether a given circuit breaker or 
circuit-breaker design is capable of perform¬ 
ing as it is expected to perform. 

Spurck, Strang—Multibreak Interrupter 


Boulder Dam and Los Angeles 1 and on the 
138-kv side of the autotransformers of the 
Los Angdes end of that line. Also, 
many single-phase impulse oil-blast-type 
breakers having an interrupting time of 
one cyde, 0.04 second, are in operation 
on 11,000-volt single-phase 25-cyde rail¬ 
way service. 2 During the last two years, 
a need appeared for breakers of a time 
rating intermediate between that of 
standard breakers rated eight cydes and 
that of the spedal very expensive break¬ 
ers rated three cydes. When the pos¬ 
sibility of meeting this need was reviewed, 
it was natural to try to adopt, as far as 
applicable, the printiples already es¬ 
tablished in the superspeed high-voltage 
impulse breakers. Pressure-generating 
breaks 3 were selected as the driving force 
for the oil blast rather than the mechani¬ 
cal driven piston of the impulse breaker. 
This method has the proved reliability 
of thousands of applications. In the 
absence of extreme speed requirements, 
this self-generated oil-blast action seemed 
to be fast enough. 

High-voltage multibreak impulse 
breakers use a cylindrical insulating 
interrupting chamber in which a number 
of interrupting contacts connected in 
series are placed adjacent to port open¬ 
ings in the cylinder wall. The logical 
modification in such an interrupter to 
utilize the arc-pressure oil-motivating 
means was to assodate a pressure- 
generating gap with each interrupting gap. 

It seemed expedient to make such inter¬ 
rupters adaptable to conventional tank- 
type breakers because; first, it permitted 
the use of conventional bushing current 
transformers in place of the more expen¬ 
sive self-contained tripping transformers 
required by the high-voltage impulse 
breaker, and second, it made possible the 
modernization of large numbers of circuit 
breakers already installed so that opera¬ 
tors could secure faster operating time 
without the expense of completely new 
apparatus. 

Several different designs of multi¬ 
break interrupters of cylindrical shape 
adapted to tank-type breakers and utiliz¬ 
ing the cross-blast prindple with self- 
contained pressure generation, were sub¬ 
jected to interrupting tests at the high- 
capadty testing station at Schenectady. 
From those tests, the number of breaks 
required for various voltages was deter¬ 
mined and the best features of all the 
types, such as shape, number, and loca¬ 
tion of port openings, were combined in 
arriving at a design which would inter¬ 
rupt effectivdy in minimum time. 

Interrupters of the above described 
general design were subjected to many 
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Figure t. Six-break single-port interrupters 
t_ installed on a 230-kv oil circuit breaker 


interrupting tests at low currents and high 
currents in the Schenectady testing sta¬ 
tion. They were also given preliminary 
field tests before the final design was sub¬ 
mitted for the field tests at Saugus and at 
Philo herein described. 

In the tests at Schenectady, attention 
was not centered alone on the ability of 
the interrupters to handle heavy short- 
circuit currents but also on the ability to 
interrupt light currents as well. For ex¬ 
ample, the six-break interrupter was 
tested successfully on currents ranging 
from 20 amperes to 12,000 amperes and 
the four-break design from 25 amperes up 
to 27,000 amperes. 

From those tests, it was determined 
that six breaks per terminal, that is, three 
pressure generating and three interrupt¬ 
ing breaks, were adequate for 230 kv 
applications and four breaks for 138-kv 
service without resorting to voltage 
grading other than that resulting from 
the normal arrangement of parts. 

Multibreak interrupters with cross¬ 
blast oil flow not requiring a mechani¬ 
cally driven piston for oil motivation and 
applicable to conventional tank-type 
high-voltage breakers are now available 
for breakers, or the modernization of 
breakers, rated from 115 kv to 230 kv in 
interrupting ratings up to 2,500,000 kva. 

Description of Interrupter 

A pair of these interrupters attached 
to one pole of a 230-kv oil circuit breaker 
is shown in figure 1. In figure 2 the 
interrupter is shown in cross section. 

The main housing of the interrupter is 
a thick walled cylinder of insulating 
material having an unusually high dielec¬ 
tric and mechanical strength. This in¬ 
sulating housing is readily removable 
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without removing the interrupter from 
the bushing. Figure 3 shows a six-break 
interrupter with housing removed and 
partially disassembled. When the 
housing is removed, all contact parts are 
still in place but exposed for inspection. 
Stationary members of the conducting 
parts are supported on four vertical in¬ 
sulating posts, each fastened at the top 
to the upper cover of the interrupter, 
and at the bottom to a retainer. Ex¬ 
tending through the center of the inter¬ 
rupter is an insulating rod which carries 
the moving contacts. This insulating 
rod, which projects out of the lower end 
of the interrupter, terminates in a metal 
cap which is the contact engaged by the 
crosshead. A flexible lead from this cap 
carries the current from the cap to the 
main current path of the interrupter. 
Heavy pressure for each contact is ob¬ 
tained by inserting a spring between each 
contact and its fastening to the center 
operating rod. Interrupting contact 
faces are of Elkonite which is outstand¬ 
ing in its ability to withstand severe and 
repeated arcing with minimum loss of 
material. 

When the breaker opens, the crosshead 
moves downward thus permitting a spring 
inside the interrupter to force the center 
rod supporting the interrupting contacts 
downward and part the contacts inside 
the interrupter. The arcs formed in 
the interrupter decompose oil into gas 
which creates pressure and forces oil out 
through the ports. The ports are so 


Table I. Approximate Short-Circuit Valves 
Obtainable by Variation of System Currents 


Setup 

Line to Ground 
Short-Circuit Current 
(Amperes) 

Equivalent 

Three-Phase 

Kilovolt-Amperes 

1 ... 


. 375,000 

2... 

.1,400. 

. 525,000 

3... 

.2,700. 

.1,000,000 

4.. . 

5.. . 

.....4,500. 

. Line charging current 
approximately 

50 amperes 

.1,700,000 


Noth: Setup 1 utilized a feed from the 06-kv 
system through step-up transformers at Saugus to 
220 kv. All other test arrangements, including 
that for line charging current, used lines of the 
230-kv system only. 

located in relation to the contacts that 
the flow of oil is directed between the 
contacts. Thus, during the time current 
is flowing, both oil and gas are flowing out 
of the port. As current zero is ap¬ 
proached, less gas and more oil are carried 
over the contacts and out the port. It is 
important to bring out that the bleed¬ 
ing of gas from the interrupter takes 
place at the contacts adjacent to the 
port. Gas created at the contacts 
which have no port adjacent to them is 
stored in the chamber so that at current 
zero when no gas is generated, the stored 
pressure inside of the chamber is sufficient 
to drive oil into the space between the 
contacts adjacent to the port. Only a 
small contact separation is required, 
therefore, to allow sufficient oil insulation 
between the contacts to prevent the re¬ 
covery voltage from breaking down the di- 


Flgure 2, Cross sec¬ 
tion of six-break 
single-port inter¬ 
rupters for 230-kv 
oil circuit breakers. 
Contacts shown in 
open and closed 
positions 
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Table II. Interrupting Tests on a 220-Kv System 


Current 

Number Interrupted Breaker 

Initial of Ports (Root-Mean- Equivalent Interrupting 

Test Voltage Per Square Three-Phase Time 

Number (Kilovolts) Break Tank Duty** Amperes) Kilovolt-amperes (Cycles*) 


1. 

1A. 

.216.... 

.216.... 

....1... 
_1... 

...A... 

... A. .. 

.. .Opening... 

.. .CO. 

...1,032.... 

. .1,010 

... 380,000.... 
37S 000 

...4.22 

3 74 

2. 


_ 1.,. 

...A... 


t , ,1 414 

529 000 

3 67 

2 A. 



...A... 

...CO.. ..7... 

...1,414_ 

529^000.. 11 

!.! 3.44 

3 . 


....1... 

...A... 

.. .Opening... 

.. .2,680- 

...1,000,000.... 

...3.5 

3 A. 

.216,... 

....1... 

...A... 

...CO. 

...2,080_ 

...1,000,000.... 

...3.27 

4. 

.216.... 

....1... 

...A... 

.. .Opening... 

...4,400.... 

... 1,040,000.... 

...2.90 

4 A. 


-1... 

-A,.. 

...CO. 


...l,70O,OOOt 


15-second Interval between tests 4A and 4A-1 




4/1-1.... 

.216.... 


....A... 

...CO . 

,...4,700 . 

....1,700,000.... 

....1.37 

6 . 


....1... 


.. . Opening. . . 

....4,800.... 

....1,800,000.... 

....3.05 

6A-1., .. 


....1... 


,...CO . . 

.. ..4,660.... 

....1,700,000.... 

....2.15 

15-second interval between tests 5A-1 and 5A-2 




5A-2..., 


....1... 


,...CO . 

....4,550.... 

....1,700,000.... 

....1.90 

6 . 

. 216 _ 

_2. . . 

_ B. t . 

- -. Opening.. . 

. .. .4,000..,. 

_1,720,000 _ 

_3.1 

A/Ul... 

. 216 _ 

_2. . . 

_ B. . 

. .ch ....7 .. 

... .4,700 _ 

_1,700,000 _ 

_2.89 

15 second interval between tests 6A-1 and 6A-2 




6/1-2. .., 


_ 2... 

.... B... 

...CO . 

.. ..4,700.... 

....1,700,000.... 

,...2.45 


* 60-cycle system. 

** Opening means breaker initially in closed position and tripped on occurrence of fault. CO means 
breaker is closed on a fault and then tripped open, 
t No record. Estimated value. 


electric between the contacts. This 
interrupting action is entirely in accord¬ 
ance with the oil-blast principle of inter¬ 
ruption. 

Proper arrangement of the port or 
ports in relation to the contacts results in 
an effective device which interrupts the 
current at an early current zero after 
the contacts part, as shown in the results 
of the field tests. Interruption of the 
circuit generally occurs before the cross¬ 
head contact parts from the exterior con¬ 
tact at the bottom of the interrupter. 
After interruption, the crosshead moves 
downward to the full stroke of the 
breaker, a distance sufficient to with¬ 
stand the required insulation tests with 
the breaker in the open position. 

Field Interrupting Tests at Saugus 

On October 17,1937, at the Saugus sub¬ 
station of the Southern California Edison 
Company, Ltd., a series of interrupting 
tests at 220 kv, frequency 50 cycles, was 
made on multibreak interrupters of the 
* self-pressure-generating cross-blast type 
installed in a rebuilt triple-pole 230-kv 
type FHKO-m oil circuit breaker having 
108-inch-diameter round tanks. This oil 
circuit breaker was supplied in 1929. 
When originally put in service, it was 
equipped with plain explosion chambers 
for arc control and had an interrupting 
rating of 2,500,000 kva on the then 
standard CO-2 minute-CO duty cycle. 

When tested, each pole of the breaker 
was equipped with six-break multibreak 
interrupters. Tanks A and C were pro¬ 
vided with interrupters having single 
ports adjacent to each break and tank B 
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with double ports. The original centrifu¬ 
gal-type closing mechanism was re¬ 
placed by a cam-type mechanism of new 
design. This cam mechanism closes the 
breaker in about one-half second as com¬ 
pared with a closing time of about one 
second required with the original mecha¬ 
nism. Clear break distance from the ex¬ 
ternal contact of each interrupter to the 
crosshead contact, with the breaker in 
the open position, was 32 inches. The 
six gaps of each interrupter add approxi¬ 
mately 20 inches to that clear-break dis¬ 
tance thus making the total clearance 52 
inches from the live part of the lower end 
of the bushing to the crosshead in the open 
position. 

Cam mechanisms for the operation of 
high-voltage breakers, are a recent de- 



Figure 3. Six-break interrupter for 230-kv 
oil circuit breakers with housing removed and 
partially disassembled 



velopment designed to improve on sole¬ 
noid and centrifugal motor-type mecha¬ 
nisms in the following respects: 

(а) Faster dosing, or shorter dosing time. 

(б) Better proportioning of the driving 
output of the mechanism to the load re¬ 
quirements of the breaker. 

(s) Lower operating currents for the same 
duty. 

(d) Reducing slam and overtravel at the 
end of the dosing stroke. 

Figure 4 shows a diagram of a cam 
motor mechanism of the type used on the 
test breaker. The driving element of 



Figure 4. Diagram of cam-type operating 
mechanism for oil circuit breakers 


this mechanism consists of a spedally 
designed high-starting-torque motor ar¬ 
ranged to rotate a cam approximately 
270 degrees through a spur-gear reduc¬ 
tion. Such a driving unit is substituted 
for the solenoid coil and plunger of sole¬ 
noid mechanisms, thereby utilizing the 
same simple and reliable linkage used 
on modern solenoid mechanisms and 
retaining the feature of being mechani¬ 
cally trip-free in all positions. Tests 
show that these mechanisms which com¬ 
bine the features of the present improved 
solenoid linkage with the motor-driven 
cam, eliminate the slow starting of sole¬ 
noids caused by the slow current build up 
and permit proportioning of the cam in 
accordance with actual output require¬ 
ments. The result is the attainment of 
the objectives noted above. 

The Saugus substation is a switching 
station for 66-kv and 230-kv lines. Oil 
circuit breakers and disconnecting 
switches in the station are so arranged 
that various lines entering the station can 
be connected individually or in combina¬ 
tion to the test breaker in such a way 
that single-phase lme-to-ground short cir 
cuits on the 220-kv system would pro¬ 
duce approximately the equivalent three- 
phase values shown in table I. 

AH of the tests were made in one day. 
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No inspection of contacts or adjustments 
were made during the tests. Table II 
shows the results of the interrupting test, 
table III the charging current tests. The 
oil in all tanks tested at 30 kv between 
one-inch-diameter flat disks spaced 0.1 
inch apart at the beginning of the tests 
and also at the conclusion of the tests. 
Oil color remained substantially un¬ 
changed during the tests. In order to 
check the condition of the contacts as 
the tests progressed, contact resistance 
measurements were made at frequent 
intervals during the tests. These tests 
were made by measuring the voltage 
drop across the breaker pole at currents 
of 400 amperes and 600 amperes. No 
change in contact resistance was indi¬ 
cated during or after the tests. Ex¬ 
amination of the interrupters after the 
tests showed that they were substan¬ 
tially in the same condition as when in¬ 




stalled. There was slight burning of 
the fiber burning plates opposite the 
contacts but the ports themselves had 
only slight discoloration over a part of 
their surface. Some insulation re-en- 
foreing barriers were displaced because 
of inadequate holding screws which can 
easily be strengthened in future designs. 
Contacts were only slightly burned, as 
shown on the photograph of representa¬ 
tive contact samples, figure 7. This 
contact burning is considered so minor 
that it is estimated that the contacts 
could have been subjected to ten times as 
many operations without impairing their 
current-carrying ability. 

Oscillograms recording current, volt¬ 


Figure 5. Oscillogram of test number 5A-2. 
Test breaker dosed on, and Interrupted a 
short circuit of 1,700,000 kva at 216 kv. 
Breaker interrupting time 1.96 cycles, total 
short-circuit duration 2.56 cycles. 50 cycle 
system 


age, crosshead travel, trip coil current, 
etc., were taken for all short-circuit tests. 
Short-circuit currents transformed by a 
bushing-type current transformer and by 
a conventional wound transformer, were 
recorded on the oscillograph. The cur¬ 
rents indicated by the bushing current 
transformer were, in general, slightly 
higher than those indicated by the wound 
transformer. Values shown in table I 
are calculated from the currents regis¬ 
tered from the bushing-type transformer. 
The oscillogram of test 5.4-2 shown on 
figure 5, is typical of those obtained on 
the short-circuit tests. This test is of 
particular interest in that it represents 
a CO test during which 1,700,000 kva 
was interrupted and which was made 15 
seconds after test 541-1 a CO operation 
interrupting 1,700,000 kva. In this lat¬ 
ter test, the total time of short circuit 
was 2.56 cycles from the time the short 
circuit was established to interruption, 
including relay time. 

Line-charging-current test oscillograms 



Figure 6. Oscillogram of test number 8 re¬ 
cording interruption of line charging current 
of 70 miles of line 

Line voltage—216 kv 
Current phase B —42.2 amperes 
Interrupting time phase B —3.88 cycles 
Current phase C—59.0 amperes 
Interrupting time phase C—3.36 cycles 
50-cycle system 


included records of voltage, crosshead 
travel and the charging current in each of 
two lines. Oscillogram of test Number 8, 
an opening operation designated as 
figure 6, is representative of the line 
charging current tests. Although the 
oscillogram tells its own story, it is not 
considered superfluous to call attention 
to the disappearance of the normal-fre¬ 
quency current and the appearance of 
high-frequency high-current oscillations 
in the oscillograph line-current record 
after the breaker contacts parted. Fur¬ 
thermore, although the breaker interrupt¬ 
ing time when interrupting line charging 
current (maximum recorded value 3.88 
cycles) was longer than the breaker inter¬ 
rupting time on large short circuits, it 
was, nevertheless, slightly shorter than 
the interrupting time of the CO tests on 
short circuit of approximately 386,000 
kva on which the breaker operating time 
was 4.22 cycles and which was the maxi¬ 
mum value recorded for any test. 

Two series of 138-kv field tests were 
made on the four-break interrupters at 
the Philo station at The Ohio Power 
Company, The details of these tests 
including a description of the system 
setup and a tabulation of results are 
given in a companion paper by Sporn and 
St. Clair. 4 
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Table III. Line-Charging-Current Interrupting Tests on a 230-Kv System 


Test 

Number 

Kilovolts 

Number of 
Ports Per 
Break 

Tank 

Kind of Test 

Line Charging 
Current 
(Amperes) 

Breaker 
Interrupting 
Time (Cycles*) 

7. 

...216.... 


...C. 


.43.2. 

.3.08 

7. 

...216.. .. 


...5.... 


.57.0. 

.3.08 

8. 

...216,... 


...C. 


.59.0. 

.3.36 

8. 

...216.... 


...B.... 


.42.2. 

.3.88 

0. 

...216_ 

.1. 

. ..c. 

^losing 

R7 ft 


9. 

...216.... 


...B.... 


.43.2 


10. 

...216.,.. 


...C. 


.. .No record** 


10. 

...216_ 


...B.... 


.. .No record** 



* 50-cycle system. 

** Same connections as for previous tests. 

In brief, the tests were made on a new 
1,500,000-kva 60-inch tank breaker 
equipped with a new high-speed trip cam 
mechanism and four-break interrupters 
which, in turn, were built with single 
port openings adjacent to each interrupt¬ 
ing break and of somewhat lighter con¬ 
struction than those used on the circuit 
breaker tested at the Saugus substation. 
Twenty-one three-phase tests were made 
both opening and closing-opening (CO) 
at capacities ranging from 239,000 to 
1,800,000 kva with no delay or inspec¬ 
tion. Although the twenty-first test 
cleared the circuit without distress, it 
was found on the next test that one pole 
was open-circuited due, as found by later 
inspection, to a ruptured cylinder occur¬ 
ring on the twenty-first test. 

After disconnecting two poles, includ¬ 
ing the damaged one, the tests were con¬ 
tinued single phase to ground on one 
pole until on the twenty-fifth test at 
1,910,000 kva, or 25 per cent above the 
rating of the breaker, the interrupters in 
this pole also suffered mechanical dam¬ 
age. However, the breaker interrupted 
the circuit in the normal time of 3.3 
cycles with no outward evidence of dis¬ 
tress. 

Although these tests indicated gratify¬ 


Figure 7. Representative contacts of in¬ 
terrupter after tests at Saugus substation 


ing performance at capacities consider¬ 
ably above the breaker rating and with 
maximum operating time of 4.6 cycles, 
it was considered quite obvious that cer¬ 
tain modifications and additional tests 
would have to be made. Accordingly, 
after making two modifications in the 
interrupters—(1) increased size of vents 
to reduce pressures at high currents; 
and (2) slight rearrangement of insulating 
parts to obtain better arc control, a 
second series of tests was carried out on 
two poles only of the three-pole breaker, 
one pole equipped with interrupters 
modified by having two port openings, 
instead of one, adjacent to each inter¬ 
rupting break. These extra openings 
provide additional venting to relieve the 
pressure inside the cylinder, and at the 
same time the wall between them acts as 
an arc splitter, the efficacy of which 
has been demonstrated previously. The 
other pole was equipped with single port 
interrupters substantially the same as in 
the previous series of tests. After six 
two-phase-to-ground tests, going to values 
above the rating of the breaker, the 
single port interrupters again suffered 
mechanical damage and the tests were 
continued single phase to ground on the 
double port interrupters, completing the 
schedule of 13 tests without further 
trouble. In all of these 13 tests at duties 
from 382,000 to 2,030,000 kva, the maxi¬ 
mum interrupting time was five cycles 


and out of the nine tests which were 
above 1,400,000 kva, the maximum time 
was 3.9 cycles. After these tests, the 
oil showed only slight deterioration, and, 
as in the case of the Saugus tests, the 
Elkonite-surfaced contacts showed prac¬ 
tically no burning nor did any of the other 
parts of the interrupter show any de¬ 
terioration or signs of distress. 

Since 1926, three major series of oil- 
circuit-breaker interrupting tests have 
been made on the 138-kv system of the 
Ohio Power Company. Figure 8 com¬ 
pares the results of these three series of 
tests and shows a reduction in oil-circuit- 
breaker interrupting time that has been 
realized since the first series in 1926. 
Figure 8 also gives an indication of the 
increase in power concentration on the 
system. During the tests made in 1926 
at Canton, 8 a circuit breaker equipped 
with plain explosion chambers interrupted 
up to 750,000 kva at 138 kv in 15 to 20 
cycles. This represented a marked im¬ 
provement in performance over the 
plain break contacts of an earlier day. 
By 1930, 6 about 1,750,000 kva was avail¬ 
able for field testing at Philo, and oil 
blast chambers gave over-all operating 
times of eight cycles or less. In 1937, the 
system short circuit had grown to over 
2,000,000 kva, providing the largest 
amount of power ever made available for 
oil circuit breaker field tests. During 
these tests, the double-port multibreak 
interrupter successfully cleared all cur¬ 
rents over this range with a maximum 
breaker interrupting time of five cycles. 
Contrary to what might be expected, 
there is scarcely any measurable differ¬ 
ence in breaker interrupting time of the 
single and double port interrupters. 

Figure 8. Comparison of oil circuit breaker 
interrupting time as shown by tests on a 138-kv 
system 

Dark circles—single ports 

Dark squares—double ports 
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The consistency of performance is best 
indicated by the fact that above 1,300,000 
kva every operation fell in a narrow band 
between three and four cycles. 

Conclusion 

The multibreak interrupter follows 
logically the development of earlier 
oil-blast chambers and the superspeed 
impulse breaker. Proved by both labo¬ 
ratory and field tests, it makes available 
performance closely approaching the 
impulse designs for voltages 115 kv and 
above, but in circuit breakers of rela¬ 
tively conventional and inherently less 
costly design. It also affords a means of 
obtaining the advantages of this still 
higher speed operation on many breakers 
already in service when changing system 
conditions indicate such a need. Many 
existing circuit breakers may be modern¬ 
ized with these chambers to secure the 
superior performance demanded by a pro¬ 
gressive and growing industry. 
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Discussion 

J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Spurck and Strang 
and that by Spom and St. Clair, both on 
the subject of high-voltage circuit inter¬ 
ruption, are valuable additions to this art 
and demonstrate a high grade of ability in 
modem interrupters built along conven¬ 
tional lines. 

It has been realized for some years that 
to obtain maximum interrupting speed 
on high-voltage circuits it is necessary to 
introduce multiple breaks. The idea of 
using groups of series interrupters isolated 
in the open position by a moving contact 
arm was developed several years ago. 

Figure 1 of this discussion shows an 
early construction of this method. By it is 
obtained the necessary increase of total 
contact speed while maintaining reasonable 
velocities of the heavier moving parts. 
The follow-up action of the moving contact 
establishes a large open break after inter¬ 
ruption has taken place. A construction 
having adequate 60-cycle and impulse 
voltage tests is thus secured with the re¬ 
quired high speed of circuit interruption. 
Since the weight of moving contact material 
approaches that of an ordinary two-break 
device, there is no sacrifice in the closing 
speed necessary for synchronizing and high¬ 
speed reclosure. 

An outstanding application of this prin- 
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dple was employed in the 287,000-volt 
breakers at Boulder Dam, which were 
covered in the paper by Wilcox and Leeds, 
presented at the Pasadena convention in 
1936. Figure 2 shows the arrangement of 
contacts there used. With this construc¬ 
tion circuit breaker times of well under 
three cycles have been obtained for the 
highest commercial voltages. Figure 3 
shows an oscillogram of one-half a pole 
unit opening 2,900 amperes at 132 kv at a 
total time of 2.45 cycles on a 60-cycle cir¬ 
cuit. 

There has been some speculation as to 
the possibility of securing this type of 
performance in dead-tank structures at high 
voltages. Previous AIEE papers have 
referred to the unequal distribution of 
voltages between breaks, particularly with 
grounded short circuits. No particular 
means for taking care of this problem is 
evident in the design described by the 
authors. We would like to have their 
ideas as to the voltage distribution which 
takes place between the breaks with their 
designs under different conditions of short 
circuit. Is 90 per cent of the voltage across 
the ungrounded side in case of a grounded 
short circuit? 

Means for securing suitable voltage dis¬ 
tribution in such structures have been 
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known for years and are useful in securing 
60-cycle voltage tests and impulse tests as 
well as during arc interruption. Figure 4 
shows a disclosure of the fundamental idea 
of electrostatic distribution between arcs as 
applied to oil circuit breakers made ap¬ 
proximately ten years ago. The complete 
theory was covered in an AIEE paper by 
R. C. Van Sickle published in Electrical 
Engineering for August 1937. 

The papers by Spom and St. Clair and by 
Spurck and Strang are noteworthy as show¬ 
ing variations of the construction referred 
to above and also applied to dead-tank cir¬ 
cuit breakers. We hold that it is fortunate 
that the improved operation cited in the 
test results given in these papers has been 
obtained in conventional constructions which 
have a direct bearing on many existing 
American high-voltage stations, and which 
are usable in much old apparatus, as well as 
that offered for future sale. It would be un¬ 
fortunate if ideas previously expressed to 
the effect that high-speed operation is ob¬ 
tainable only in porcelain structures should 
gain ground. The work of the past four 
years points to the conclusion that the 
highest grade of switchgear performance is 
obtainable, and with large factors of safety, 
in a standard dead-tank unit. 






Figure 4 


The writers speak of the 138-kv breaker 
as a four-break design and of the 230-kv 
type as a six-break design. They refer, 
in using these designations, to the number 
of points at which circuit rupture is ac¬ 
complished. However, it seems to me that 
the 138-kv design has 10 breaks, consisting 
of 4 circuit-interruption breaks, 4 gas¬ 
generating breaks and, in addition, the 2 
long isolating breaks. In the same way 
the 230-kv design has 14 breaks consisting 
of 6 circuit-interrupting breaks, 6 gas- 
generating breaks, and the 2 isolating 
breaks. Since the circuit presumably is 
interrupted in practically all cases before 
the isolating breaks get under way, there 
will be no contact depreciation at these 
points, but the other breaks share equally 
in contact burning and oil depreciation and 
we feel therefore that both the circuit- 
interrupting breaks and the gas-generating 
breaks should be recognized. 

Both designs incorporate a number of 
breaks in a single container and reference 
is made in each paper to difficulties with 
this container during the process of develop¬ 
ment. Failure of the container places one- 
half of the pole unit out of service. Would 
not a rearrangement of the interrupters in 
individual containers, such as shown in the 
design of figure 2 give greater mechanical 
strength and greater assurance of operation 
in case of breakage of an individual unit? 


W. F. Sims (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): The papers presented 
by Mr. Spurck and Mr. Spom cover the 
development and test of an important ad¬ 
vance in the art of arc interruption and bring 
to mind a few thoughts that should be of 
interest in this connection. 

Curing the long period of financial stress 
to which we have all been subjected the 
manufacturers have gone steadily ahead 
with constructive research and development 
in bringing out improved devices of greater 
interrupting duty and shorter arcing time. 
They should be commended for their fore¬ 
sight in carrying on this work under adverse 
conditions, which insures to the utilities 
the availability of new equipment to meet 
the more severe and ever changing re¬ 
quirements. Because of this attitude on 
the part of the manufacturers we can have 
full confidence that new equipment will 
continue to be produced as required. 

In connection with the tests on this 
equipment, it is a noteworthy fact that 
these two companies had such confidence 
in the soundness of the design and in the 
integrity of construction of their systems 
as to be willing to permit short circuits to be 
placed on their systems tinder maximum 
conditions. Much credit is due these 
companies for their courage and willingness 
to carry out these tests in the field under 
the conditions'to be met in actual operation. 

The high-power laboratories at the fac¬ 
tories, which represent large investments on 
the part of the manufacturers, are of great 
value .in the working out of new designs 
and in testing their component parts. 
However, it is not economically feasible to 
provide laboratories that would subject 
the equipment to the same conditions 
that would have to be met in service. The 
interests of both the manufacturers and the 
utilities are very greatly advanced because 
of the willingness of these companies to per¬ 


mit these field tests to be made upon their 
systems. 

It is important to note that the manufac¬ 
turers in their developments have designed 
these improved arc interrupting devices in 
such manner that they can be used to re¬ 
place corresponding parts of older design 
and can be installed within the structures 
of existing equipment. This is an economic 
achievement which will save the utilities 
large investment expenditures when the 
breakers now on their systems become in¬ 
adequate to meet the more severe condi¬ 
tions brought about by system growth. 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): One of the most 
interesting features of high-speed breakers 
associated with high-speed relays is the 
ease with which staged tests can be made on 
week days during peak load conditions at 
any point on the system. When making 
staged tests ten years ago it was frequently 
necessary to select an isolated corner of the 
transmission system, provide a special 
generating setup, change many relay set¬ 
tings, and schedule the tests between mid¬ 
night and 5:00 a.m. on Sunday or Monday 
when the industrial load would be at a 
minimum. Even then power sales depart¬ 
ments and customers’ electricians needed 
considerable reassurance. 

With eight-cycle breakers and high-speed 
relay, tests are now made satisfactorily 
during peak load periods at the heart of the 
system without disturbance to customers 
and without re-arrangement of system con¬ 
nections or generating setup. 


H. A. Lott (Southern California Edison 
Company, Ltd., Los Angeles): Engineers 
of the Southern California Edison Company, 
Ltd., have been interested in the moderniza¬ 
tion of existing 220-kv breakers as an essen¬ 
tial part of the program for continued im¬ 
provement in continuity of service. The 
first step in the program of modernization 
was made in 1932, when six 220-kv breakers 
were rebuilt on the basis of 12 cycles, on a 
50-cycle base. Subsequent development 
and experience resulted in revised specifica¬ 
tions calling for eight-cycle interruption, 
whereas more recent development and ex¬ 
perience indicated a still further reduction 
in over-all time of clearing not to exceed five 
cycles as being the probable practical limit 
for the clearance of short circuits by the 
addition of modem interrupters to existing 
breakers. 

The modernization program has con¬ 
tinued since 1932. At present, 62 out of a 
total of 103 220-kv breakers have been re¬ 
built to 12 cycles or better. The program 
has progressed at a conservative rate in 
order to take advantage of new develop¬ 
ments, and also to receive some operating 
experience with higher speed clearances, 
which would tend to establish a practical 
balance between the added cost of still 
higher interrupting speeds and the necessity 
for such higher speeds. 

The Southern California Edison 220-kv 
system is characterized by extensive high- 
voltage transmission lines. The generation 
is predominantly hydroelectric, with 399,000 
kilowatts concentrated in the five Big Creek 
plants located 250 miles from the load 
center. The hydro generation is supple- 
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mented by 355,000 kilowatts of steam 
generation located at Long Beach, 25 mil es 
from the load center. These two major 
plants, which are 275 miles apart, are inter¬ 
connected with 825 circuit miles of 220,000- 
volt transmission line. This portion of the 
system, together with the seven step-down 
substations and 400,000 kvs of synchronous 
condenser capacity, must transmit and 
transform 85 per cent of all of the energy 
generated by the Edison system. 

The importance of fast clearances on this 
system is evident when under maximum 
short-circuit conditions of 2 V 4 million kva 
an over-all clearance of five cycles is re¬ 
quired in order to prevent instability fol¬ 
lowing multiphase short circuits during 
heavy load conditions. During the past 
six years, 116 short circuits have been 
cleared from the 220-kv system. Four of 
the short circuits started multiphase, while 
11 of the short circuits developed into multi¬ 
phase after an average duration of about 15 
cycles; the remainder were single conductor 
to ground short circuits. If it is possible to 
clear all faults in 12 cycles, we can expect 
to have two cases of instability each three 
years, based on the past six years experi¬ 
ence, whereas clearances in the order of 5 
to .8 cycles would be expected to eliminate 
most of the cases of instability caused by 
short circuits which start multiphase. 

Since the program of rebuilding breakers 
was started, it has been found that the 
damage at the point of fault is now prac¬ 
tically negligible, when the clearance is ef¬ 
fected in 15 cycles or less. The damage at 
points of flashover is so slight that it is now 
necessary to climb towers and make a close 
inspection in order to locate the trouble. 
An effort is now being made to determine 
the approximate location of such faults by 
utilizing recorded values of ground current. 

In order to assist in the development of 
high-speed interrupters, it was r ealiz ed 
that it would be necessary to supplement 
factory tests, where certain limitations in 
both voltage and capacity exist, by field 
tests under actual operating conditions, 
where maximum short-circuit duties of 2 1 / i 
million kva were available. Accordingly, 
the first series of field tests at 220 kv were 
made at our Saugus substation in October of 
1936, when a total of 15 short circuits, 
varying from 300,000 kva to 1,700,000 kva 
were made without indication of instability 
or without inconvenience to consumer's 
service. From these tests, it was evident 
that if the over-all time of clearance was 
in the order of five to eight cycles, similar 
tests could be carried to the maximum 
values of 2 l /4 million kva without instability 
or inconvenience to consumer's service. 

Subsequent to the 1936 tests, the first 
series of tests on the “New Multibreak 
Interrupter” described in the paper pre¬ 
sented by Messrs. R. M. Spurk and H. E. 
Strang, were made in April of 1937, with 
short circuits varying from 300,000 kva to 
1,700,000 kva. These tests proved the 
electrical performance of the new inter¬ 
rupter, but indicated a mechanical weak¬ 
ness that could be readily overcome. The 
second series of tests on this type of inter¬ 
rupter was made in October of 1937, with 
the results as described by the authors. 

During the tests at Saugus, the system 
generating capacity, interconnected during 
each test, was 560,000 kva; of which 360,- 
000 kva was at Big Creek, 210 miles from 
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the point of fault, and 200,000 kva was at 
Long Beach, 65 miles from the point of 
fault. Including the synchronous con¬ 
denser capacity of 400,000 kva, which 
was in operation at the time of test, the 
total synchronous capacity was 960,000 kva. 

The Saugus 220-kv construction is our 
standard 220 kv double-bus construction 
with two breakers, one to each bus for 
each position, which greatly facilitated the 
switching necessary to obtain the various 
values of short-circuit current. A com¬ 
plete duplicate opening and closing circuit 
for both the test and back-up breakers, to¬ 
gether with the test relays, oscillograph, 
etc., were set up in a temporary relay house 
just outside the bus yard. A portable dark 
room was installed near the relay house to 
provide facilities for developing films be¬ 
tween each test. The several values of 
short-circuit current were obtained by open¬ 
ing lines of different lengths from the load 
bus and closing them to the test bus at 
Saugus. The maximum values were ob¬ 
tained by paralleling the load bus and the 
test bus. 

The test was completely planned and a 
printed program giving each step in the 
operating procedure was distributed to the 
system dispatchers, and all operators con¬ 
cerned in advance of the test. Telechron 
clocks were synchronized before the test 
started, and the 220-kv station operators 
were notified about five minutes prior to 
each test, of the exact time of each test. 
One man was selected to maintain all con¬ 
tact between the test location and the sys¬ 
tem load dispatchers, so that after each 
system setup had been completed, a time 
was selected and the short circuits applied 
without further instructions. As a result, 
the tests progressed rapidly. Four differ¬ 
ent line and bus arrangements were made to 
obtain the short-circuit-current values, 
and 15 short circuits were imposed and 
cleared between 9:15 a.m. and 2:00 p.m. 

The results, from an operating stand¬ 
point, were ideal in every respect. There 
was no dip in system speed, and a maxi¬ 
mum voltage dip of only 7 per cent was 
recorded under the most severe, condition. 
There were no consumer complaints, sin ce 
in every one of the 15 cases, the short cir¬ 
cuit was cleared with but a barely percept¬ 
ible flicker of consumer's lights. It was 
again established that short circuits would 
not impose an inconvenience to consumer's 
service if cleared by high-speed relay and 
breaker operation. The performance of the 
switch was such that following an inspection 
of the contacts, the breaker was placed in 
routine service without requiring any fur¬ 
ther adjustments. 

The authors are to be congratulated for 
their presentation of such an interesting 
paper, marking another step toward better 
continuity of service through the medium of 
improvement in circuit breaker design. 


A. C. Schwager (Pacific Electric Manufac¬ 
turing Corporation, San Francisco, Calif.): 
It is gratifying to notice the improvement 
obtained with the fast-clearing circuit 
breaker described by the authors over the 
two-break oil-blast breaker. The reduc¬ 
tion in opening time is accomplished mainly 
by the use of the multibreak principle 
which seems to become the conventional 
means among all manufacturers for obtain- 
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ing fast interruption. For an analysis of 
the effectiveness of the device described it 
would be interesting to know the arcing 
times present during the interruptions listed 
in table II and the possible improvement 
in performance if potential grading had 
been used. 


R M. Spurck and H. E. Strang: We ap¬ 
preciate the constructive and interesting 
discussions presented on this paper. The 
discussions of Messrs. George Lott and Sims 
add materially to the paper and do not 
seem to require any further discussion from 
the authors. Mr. Lott's comments are of 
particular importance as they apply to the 
Southern California Edison System on which 
the 220-kv tests were made. 

Messrs. MacNeill and Schwager ask 
about the potential distribution across the 
contacts. As stated in the paper, no means 
for grading the voltage across the various 
breaks was provided except that resulting 
from the normal arrangement of parts. 
The natural grading so obtained was so 
effective, as evidenced by the excellent per¬ 
formance of the breaker, that the addi¬ 
tional application of artificial grading was 
not justified. In general, the arcing times 
obtained during the tests listed in table I 
were between one-half cycle and one cycle. 

We emphasize that breakers with this 
type of interrupter are intended for five- 
cycle operation. Breakers for three-cycle 
operation at 287 kv, as used on the Boulder 
Dam, Los Angeles line, are of the impulse 
type described by Mr. D. C. Prince before 
the Institute in 1935. (D. C. Prince, “Cir¬ 
cuit Breakers for Boulder Dam Line,” 
AIEE Transactions, volume 54, 1935, 
page 366). In that paper, the results of 
various tests are listed. One test shows 
one-half of one pole of the breaker clearing 
730 amperes at 264 kv in 2.45 cycles. That 
performance is much better than the per¬ 
formance shown on the oscillogram pre¬ 
sented by Mr. MacNeill in his discus¬ 
sion, where one-half of a pole unit of a 287- 
kv breaker interrupted 2,990 amperes at 
132 kv in 2.45 cycles. Even though the 
multibreak interrupter cleared the circuit 
in all cases substantially under its rating 
of five cycles, we have found no reason for 
departing from the impulse-type porcelain- 
clad breaker of the type used on the Boulder 
Dam, Los Angeles line when three-cycle 
operation at high voltage is required. 

Some question has been raised on the 
number of breaks used. The text of the 
paper and the captions of the illustrations 
refer to the number of breaks per inter¬ 
rupter. Thus, if six-break interrupters are 
used as for the 220-kv tests, there are twelve 
breaks total in the two interrupters in addi¬ 
tion to the isolating breaks. 

Mr. MacNeill discusses the advantages of 
multibreak interrupters which do not re¬ 
quire main moving contacts more compli¬ 
cated or heavier than those used in con¬ 
ventional two-break tank-type breakers. 
The multibreak interrupters described in 
our paper have such desirable features. 
Also, these interrupters have been designed 
with one housing surrounding a group of 
breaks rather with one housing for each 
break or pair of breaks in the interest of 
greater strength of the housing, simplicity 
of construction, and ease of housing re¬ 
moval for inspection. 
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closed circuit, and the symbol 1 (unity) to 
represent the hindrance of an open cir¬ 
cuit. Thus when the circuit a-b is open 
*«» - 1 and when dosed X ab = 0. 
Two hindrances X ab and ■ X^ will be 
said to be equal if whenever the circuit 
a-b is open, the circuit c-d is open, and 
whenever a-b is closed, c-d is dosed. 
Now let the symbol + (plus) be defined 
to mean the series connection of the two- 


L Introduction 

I N THIS CONTROL and protective 
circuits of complex electrical systems 
it is frequently necessary to make in¬ 
tricate interconnections of relay contacts 
and switches. Examples of these cir¬ 
cuits occur in automatic telephone ex¬ 
changes, industrial motor-control equip¬ 
ment, and in almost any circuits designed 
to j perform complex operations auto¬ 
matically. In this paper a mathematical 
analysis of certain of the properties of 
such networks will he made. Particular 
attention will Ik* given to the problem of 
network synthesis. Given certain char¬ 
acteristics, it is required to find a circuit 
incorporating these characteristics. The 
solution of this type of problem is not 
unique and methods of finding those par¬ 
ticular circuits requiring the least num- 
l**r of relay contacts and switch blades 
will studied. Methods will also be 
described for finding any number of cir¬ 
cuits equivalent to a given circuit in all 
operating characteristics. It will be 
shown that several of the well-known 
theorems oil impedance networks have 
roughly analogous theorems in relay 
circuits. Notable among these are the 
delta-wye and star-mesh transformations, 
ami the duality theorem. 

The method of attack on these prob¬ 
lems may ixs described briefly as follows: 
any circuit is represented by a set of 
equations, the terms of the equations 
corresponding to the various relays and 
switches in the circuit. A calculus is 
developed for manipulating these equa¬ 
tions by simple mathematical processes, 
most of which are similar to ordinary 
algebraic algorisms. This calculus is 
shown to be exactly analogous to the 
calculus of propositions used in the sym¬ 
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bolic study of logic. For the synthesis 
problem the desired characteristics are 
first written as a system of equations, and 
the equations are then manipulated into 
the form representing the simplest cir¬ 
cuit. The circuit may then be immedi¬ 
ately drawn from the equations. By 
this method it is always possible to find 
the simplest circuit containing only 
series and parallel connections, and in 
some eases the simplest circuit containing 
any type of connection. 

Our notation is taken chiefly from 
symbolic logic. Of the many systems in 
common use we have chosen the one 
which seems simplest and most suggestive 
for our interpretation. Some of our 
phraseology, as node, mesh, delta, wye, 
etc., is borrowed from ordinary network 


terminal circuits whose hindrances are 
added together. Thus X^ + X^ is the 
hindrance of the circuit a-d when b and c 
are connected together. Similarly the 
product of two hindrances X ab *X^ or 
more briefly X ab Xcd will be defined to 
mean the hindrance of the circuit formed 
by connecting the circuits a-b and c-d in 
parallel. A relay contact or switch will 
be represented in a circuit by the symbol 
in figure 1, the letter being the cor¬ 
responding hindrance function. Figure 
2 shows the interpretation of the plus 
sign and figure 3 the multiplication sign. 
This choice of symbols makes the ma¬ 
nipulation of hindrances very similar to 
ordinary numerical algebra. 

It is evident that with the above defi¬ 
nitions the following postulates will hold: 


Postulates 

1 . a. 0 ‘ 0 - 0 A closed circuit in parallel with a closed circuit is a closed 

circuit. . . . 

j. X + 1 * 1 An open circuit in series with an open circuit is an open 

circuit. 

o a i+o -0 + 1 = 1 An open circuit in series with a closed circuit in either 

order (i.e., whether the open circuit is to the right or left 

of the closed circuit) is an open circuit. 

b. 0 • 1 - 1 • 0 = 0 A closed circuit in parallel with an open circuit in either 

order is a closed circuit. 

3- a< 0+0 = 0 A closed circuit in series with a closed circuit is a closed 

circuit. . ... . 

b M « 1 An open circuit in parallel with an open circuit is an open 

circuit. 

4 . At any given time either X * 0 or X « 1. 


h . 0*1 - 1*0 - 0 

3. a. 0+0 = 0 

• b. M - 1 


theory for similar concepts in switching 
circuits. 

II. Series-Parallel 
Two-Terminal Circuits 

Fundamental Definitions 
and Postulates 

We shall limit our treatment to cir¬ 
cuits containing only relay contacts and 
switches, and therefore at any given time 
the circuit between any two terminals 
must be either open (infinite impedance) 
or closed (zero impedance). Let us as¬ 
sociate a symbol X<a or more simply AT, 
with the terminals a and b. This vari¬ 
able, a function of time, will be called 
the hindrance of the two-terminal cir¬ 
cuit a-b. The symbol 0 (zero) will be 
used to represent the hindrance of a 
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These are sufficient to develop all the 
theorems which will be used in connection 
with circuits containing only series and 
parallel connections. The postulates are 
arranged in pairs to emphasize a duality 
relationship between the operations of 
Add ition and multiplication and the 
quantities zero and one. Thus, if in 
any of the a postulates the zero’s are re¬ 
placed by one’s and the multiplications 
by additions and vice versa, the cor¬ 
responding b postulate will result. This 
fact is of great importance. It gives 
each theorem a dual theorem, it being 
necessary to prove only one to establish 
both. The only one of these postulates 
which differs from ordinary algebra is 16. 
However, this enables great simplifica¬ 
tions in the manipulation of these 
symbols. 



Theorems 

In this section a number of theorems 
governing the combination of hindrances 
mil be given. Inasmuch as any of the 
theorems may be proved by a very 



(35), however, is not true in numerical 
algebra. 

We shall now define a new operation to 
be called negation. The negative of a 
hindrance X will be written X f and is 
defined as a variable which is equal to 1 



hindrance functions above. Usually the 
two subjects are developed simultane¬ 
ously from the same set of postulates, 
except for the addition in the case of the 
calculus of propositions of a postulate 
equivalent to postulate 4 above. E. V. 
Huntington 4 gives the following set of 
postulates for symbolic logic: 

1. The class K contains at least two dis¬ 
tinct elements. 


simple process, the proofs will not be 
given except for an illustrative example. 
The method of proof is that of “perfect 
induction, 1 ” i.e., the verification of the 
theorem for all possible cases. Since by 
postulate 4 each variable is limited to 
the values 0 and 1, this is a simple matter. 
Some of the theorems may be proved 
more elegantly by recourse to previous 
theorems, but the method of perfect in- 
duction is so universal that it is probably 


to be preferred. 

X+Y-Y+X (la) 

XY - YX (lb) 

X + (Y + Z) - (X + Y) + Z (2a) 
X(YZ) « (XY)Z (2b) 

X(Y + Z) -XY + XZ (3a) 

X+YZ = (X+Y)(X + Z) (3 b) 

1-X-X (4a) 

(4b) 

1 + X “ 1 (5a) 


For example, to prove theorem 4a , 
note that X is either 0 or 1. If it is 0, 
the theorem follows from postulate 25; 
if 1, it follows from postulate 35. Theo¬ 
rem 45 now follows by the duality princi¬ 
ple, replacing the 1 by 0 and the * by +. 

Due to the associative laws (2a and 25) 
parentheses may be omitted in a sum or 
product of several terms without am¬ 
biguity.^ The 2J and II symbols will be 
used as in ordinary algebra. 

The * distributive law (3a) makes it 
possible to “multiply out” products and 
to factor sums. The dual of this theorem 


Figure 1 (left). Symbol for hindrance 
function 

Figure 2 (middle). Interpretation of addition 

Figure 3 (right). Interpretation of multipli¬ 
cation 

when X equals 0 and equal to 0 when X 
equals 1. If X is the hindrance of 
the make contacts of a relay, then X f is the 
hindrance of the break contacts of the 
same relay. The definition of the nega¬ 
tive of a hindrance gives the following 


theorems: 

X + X' = l (<j a ) 

XX' “ 0 ( 6b ) 

O' - 1 (7a) 

1' - 0 (7b) 

(XV = X ( 8 ) 


Analogue With the 
Calculus of Propositions 

We are now in a position to demon¬ 
strate the equivalence of this calculus with 
certain elementary parts of the calculus 
of propositions. The algebra of logic 1 - 8 
originated by George Boole, is a sym¬ 
bolic method of investigating logical 
relationships. The symbols of Boolean 
algebra admit of two logical interpreta¬ 
tions. If interpreted in terms of classes, 
the variables are not limited to the two 
possible values 0 and 1. This interpre¬ 
tation is known as the algebra of classes. 
If, however, the terms are taken to rep¬ 
resent propositions, we have the calculus 
of propositions in which variables are 
limited to the values 0 and 1,* as are the 


Table I. Analogue Between the Ca lculus of Propoiitiorw and the Symbolic Relay Analysis 

Symbol Interpretation In Relay Circuits InUrpretstic. In the Caldus of Proposition. 

X .The circuit X . 

0.The circuit is closed .•.proposition X 

1.The circuit is ooen ..Proposition is false 

^. TheParaUel of circuits X and Y..... Tbe proposition which is true i£ both X and Y 

X '‘ ."^an^otd^u b d ° Sed - • * ^^contradictory of proposition X 

..^ CtrCnitS ° Pen and ^taneously.Each proposition Implies the other 
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2. If a and 5 are in the class K then 
a + 5 is in the class K . 


3. a + 5 = 5 + a 

4. (a + 5) + c « a + (5 + c) 

5. a + a — a 

6. a5 + a5' *■ a where ab is defined as 
(*' + bV 


If we let the class K be the class consist¬ 
ing of the two elements 0 and 1, then these 
postulates follow from those given in the 
first section. Adso postulates 1, 2, and 3 
given there can be deduced from Hunting- 
ton's postulates. Adding 4 and restrict¬ 
ing our discussion to the calculus of propo¬ 
sitions, it is evident that a perfect 
analogy exists between the calculus for 
switching circuits and this branch of 
symbolic logic.** The two interpreta¬ 
tions of the symbols are shown in table I. 

Due to this analogy any theorem of the 
calculus of propositions is also a true 
theorem if interpreted in terms of relay 
circuits. The remaining theorems in 
this section are taken directly from this 
field. 

De Morgan's theorem: 


(X + Y + Z ...)'« X'- Y'-Z '. .. (9a) 

(X-7.Z...Y mX‘ + Y' + Z'- h... 

(9b) 

This theorem gives the negative of a sum 
or product in terms of the negatives of 
the summands or factors. It may be 
easily verified for two terms by substitut¬ 
ing all possible values and then extended 
to any number n of variables by mathe¬ 
matical induction. 

A function of certain variables X\ t 
. . . . .X n is any expression formed 
from the variables with the operations 
of addition, multiplication, and negation. 




* *ciexcuses, see use at end of 

paper. 

* This refers only to the classical theory of the 
calculus of propositions. Recently some work has 
been done with logical systems in which proposi¬ 
tions may have more than two "truth values." 

♦♦This analogy may also be seen from a slightly 
different viewpoint. Instead of associating X«V 
durectiy with the circuit a-b let Xab represent the 
proposition that the circuit a-b is open. Then all 
the sy^nbo 13 are direetty interpreted as propositions 
and the operations of addition and multiplication 
waUbe seen to represent series and parallel connec- 
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The notation/(Xi, X 2 ,. X n ) will be 

used to represent a function. Thus we 
might have / (X, Y t Z) = XY + X' 
(Y f + Z'). In infinitesimal calculus it 
is shown that any function (providing it 
is continuous and all derivatives are con¬ 
tinuous) may be expanded in a Taylor 
series. A somewhat similar expansion is 
possible in the calculus of propositions. 
To develop the series expansion of func¬ 
tions first note the following equations. 

KXu X* • • • X n ) - Xr/( 1, X 2 .. . X n ) + 
X,'•/((), X 2 ...X n ) (10a) 

(Xx ... X n ) m [/(0, X 2 ... X w ) + Xi]‘ 
[/(l,X 2 ...X n ) +Xi'l (10b) 

These reduce to identities if we let X\ 
equal either 0 or 1. In these equations 
the function / is said to be expanded 


a break contact. This is shown in 
figure 4. Similarly by 11 any other 
variable need appear no more than four 
times (two make and two break contacts), 
etc. 

A generalization of De Morgan’s 
theorem is represented symbolically in 
the following equation: 

/(Xi,X 2 ...X tt ,+ , •)' - 

f(X i\X 2 '...X»',-,+) (13) 

By this we mean that the negative of any 
function may be obtained by replacing 
each variable by its negative and inter¬ 
changing the + and * symbols. Explicit 
and implicit parentheses will, of course, 
remain in the same places. For ex¬ 
ample, the negative of X + Y • (2 + 
WX') will be X'[Y' + Z\W + X)]. 



theorems given above are always suf¬ 
ficient to do this. A little practice in 
the manipulation of these symbols is all 
that is required. Fortunately most of 
the theorems are exactly the same as 
those of numerical algebra—the associa¬ 
tive, commutative, and distributive laws 
of algebra hold here. The writer has 
found theorems 3, 6, 9, 14, 15, 16a, 17, 
and 18 to be especially useful in the sim¬ 
plification of complex expressions. 

Frequently a function may be written 
in several ways, each requiring the same 
minimum number of elements. In such 
a case the choice of circuit may be made 
arbitrarily from among these, or from 
other considerations. 

As an example of the simplification of 
expressions consider the circuit shown in 
figure 5. The hindrance function X ab 
for this circuit will be: 

X a b — W + W'(X + Y) + (X + Z) • 

(5 + W + Z) (2' + Y + S'V ) 
= IF + X+F + (X + 2)- 

(5 + 1+2) (2' + Y + S'V) 

= PF + X+ Y + 2-(2' + S'V) 


about Xj. The coefficients of Xi and X\ 
in 10a are functions of the (»—1) variables 
X 2 . . . .X n and may thus be expanded 
about any of these variables in the same 
manner. The additive terms in 105 also 
may be expanded in this manner. Ex¬ 
panding about X 2 we have: 

f(Xi.. .X n ) - XiXrfd, 1,X... .X n ) + 
XiXs'/U, 0, X 3 ... X n ) + 
X/X*f(0,1, X«... X tt ) + 

Xi'X 2 '/(0, 0, Xi . .. X n ) (Ha) 


f(Xi... X n ) - [Xi+X a +/(0,0, X*... X n )] • 
[Xi+Xa' +/(0, 1, X.. •. X n )]* 
[Xi' +X 2 +/(i, 0, X*...X n )]- 
[Xi' + X 2 ' + /( 1, 1, X*. . . X tt )l (lib) 


Continuing this process n times we will 
arrive at the complete series expansion 
having the form: 


f(.Xi...X n )=f( l,l,l.;.l)XiX,.. 
/(0,l,l...l)X 1 'X,...X n + ... 
/(0, 0, 0 ...0)Xi'Xj' • • • X n 


.X„ + 
+ 

(12a) 


{X,+X, + ...Xn + 

/(0,0,0...())]• ... -[Xi' +X t '...+ 
X'+/d.l •••!)] 


By 12a, / is equal to the sum of the prod¬ 
ucts formed by permuting primes on the 
terms of X t X t . . .X n in all possible ways 
and giving each product a coefficient 
equal to the value of the function when 
that product is 1. Similarly for 12 b. ■ 

As an application of the series expan¬ 
sion it should be noted that if we wish to 
find a circuit representing any given 
function we can always expand the func¬ 
tion by either 10a or 106 in such a way 
that any given variable appears at most 
twice, once as a make contact and once as 


Figure 4. Expansion about one variable 


Some other theorems useful in simpli¬ 
fying expressions are given below: 

X’=X+X=X + X+ X=* etc. (14a) 

X m X-X - X-X-X = etc. (14b) 

X + XY - X (15a) 

X(X +Y)-X (15b) 

XY + X'Z = XY + X'Z + YZ (16a) 

(X + 7)(X' + Z) = 

(.X + y)(X' + Z ) ( Y + Z) (16b) 

X/(X, Y,Z,...)= X/( 1, Y.Z... .) (17a) 

X +f(X. Y, Z, ...) - X +/(0, Y.Z,.. .) 

(17b) 

X'KX, Y.Z,...) - X'/(0, Y.Z....) 

(18a) 

X' +/(X, Y.Z,...) — X' -1-/(1, Y.Z....) 

(18b) 

All of these theorems may be proved 
by the method of perfect induction. 

Any expression formed with the opera¬ 
tions of addition, multiplication, and 
negation represents explicitly a circuit 
staining only series and parallel con¬ 
nections. Such a circuit will be called 
a series-parallel circuit. Each letter in 
an expression of this sort represents a 
make or break relay contact, or a switch 
blade and contact. To find the circuit 
requiring the least number of contacts, 
it is therefore necessary to manipulate 
the expression into the form in which the 
least number of letters appear. The 
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These reductions were made with 176 
using first W, then X and Y as the “X” 
of 176. Now multiplying out: 

Xab -W + X+Y + ZZ' + ZS'V 
- W + X + Y + ZS' V 

The circuit corresponding to this ex¬ 
pression is shown in figure 6. Note the 
large reduction in the number of ele¬ 
ments. 

It is convenient in drawing circuits to 
label a relay with the same letter as the 


r- s '< 



Figure 6. Simplification of Agure 5 



circuit 
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Figure 8. Delta-wye transformation 


b b 



Figure 9. Wye-delta transformation 


hindrance of make contacts of the relay. 
Thus if a relay is connected to a source of 
voltage through a network whose hin¬ 
drance function is X, the relay and any 
make contacts on it would be labeled X . 
Break contacts would be labeled X\ 
This assumes that the relay operates in¬ 
stantly and that the make contacts 
close and the break contacts open simul¬ 
taneously. Cases in which there is a 
time delay will be treated later. 

III. , Multiterminal and 

Non-Series-Parallel Circuits 

Equivalence of ^-Terminal Networks 

The usual relay control circuit will 
take the form of figure 7, where X\, 
X 2 , . . . X n are relays or other devices 
controlled by the circuit and N is a net¬ 
work of relay contacts and switches. 
It is desirable to find transformations 
that may be applied to N which will keep 
the operation of all the relays Xi. . . . X n 
the same. So far we have only considered 
transformations which may be applied to 
a two-terminal network keeping the opera¬ 
tion of one relay in series with this net¬ 
work the same. To this end we define 
equivalence of n-terminal networks as 
follows. Definition: Two ^-terminal net¬ 
works M and N will be said to be 
equivalent with respect to these n termi¬ 
nals if and only if X jk = Y jk ; j, k = 1, 
2, 3. ... ft, where X jk is the hindrance of 
N (considered a two-terminal network) 
between terminals j and k, and Y Jk is 
that for M between the corresponding 
terminals. Under this definition the 
equivalences of the preceding sections 
were with respect to two terminals. 

Star-Mesh and Delta-Wye 

Transformations 

As in ordinary network theory there 
exist star-to-mesh and delta-to-wye trans¬ 
formations. In impedance circuits these 
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transformations, if they exist, are unique. 
In hindrance networks the transforma¬ 
tions always exist and are not unique. 
Those given here are the simplest in that 
they require the least number of elements. 
The delta-to-wye transformation is shown 
in figure 8. These two networks are 
equivalent with respect to the three 
terminals a, b, and c, since by the distribu¬ 
tive law X ab — R(S + T) = RS + RT 
and similarly for the other pairs of termi¬ 
nals a-c and b-c. 

The wye-to-delta transformation is 
shown in figure 9. This follows from the 
fact that X ab = R + S = (R + S)- 
(R + T + T + S), etc. ’ An ft-point 
star also has a mesh equivalent with the 
central junction point eliminated. This 
is formed exactly as in the simple three- 
point star, by connecting each pair of 
terminals of the mesh through a hind¬ 
rance which is the sum of the corre¬ 
sponding arms of the star. This may be 
proved by mathematical induction. We 
have shown it to be true for n = 3. 
Now assuming it true for n — 1, we shall 
prove it for n . Suppose we construct a 
mesh circuit from the given n — point 
star according to this method. Each 
corner of the mesh will be an n — 1-point 
star and since we have assumed the 


c 



Figure 10. Non-series-parallel circuit 


theorem true for n — 1 we may replace 
the ftth corner by its mesh equivalent. 
If Y oj was the hindrance of the original 
star from the central node 0 to the point 
j , then the reduced mesh will have the 
hindrance ( Y os + 7 0r ) • (F os + Y on + 
Y or + Y on ) connecting nodes r and s. 
But this reduces to Y os Y or which is the 
correct value, since the original w-point 
star with the ftth arm deleted becomes an 
n — 1-point star and by our assumption 
may be replaced by a mesh having this 
hindrance connecting nodes r and s. 
Therefore the two networks are equivalent 
with respect to the first n — 1 terminals. 
By eliminating other nodes than the ftth, 
or by symmetry, the equivalence with 
respect to all n terminals is demonstrated. 

Hindrance Function of a 

Non-Series-Parallel Network 

The methods of part II were not suf¬ 
ficient to handle circuits which contained 

Shannon—Relay Circuits 


connections other than those of a series- 
parallel type. The “bridge" of figure 
10, for example, is a non-series-parallel 
network. These networks will be treated 
by first reducing to an equivalent series- 
parallel circuit. Three methods have 
been developed for finding the equivalent 
of a network such as the bridge. 

The first is the obvious method of ap¬ 
plying the transformations until the net¬ 
work is of the series-parallel type and 
then writing the hindrance function by 
inspection. This process is exactly the 
same as is used in simplifying the complex 
impedance networks. To apply this to 
the circuit of figure 10, first we may 
eliminate the node c, by applying the 
star-to-mesh transformation to the star 
a-c, b-c, d-c. This gives the network of 
figure 11. The hindrance function may 
be written down from inspection for this 
network. 

- (R + S)[U(R + T) + V(T + S)) 
This may be written: 

X ab = RU + SV + RTV + STU 

= R(U + TV) + S(V+TU) 

The second method of analysis is to 
draw all possible paths between the points 
under consideration through the network. 
These paths are drawn along the lines 
representing the component hindrance 
elements of the circuit. If any one of 
these paths has zero hindrance, the re¬ 
quired function must be zero. Hence if 
the result is written as a product, the 
hindrance of each path will be a factor 
of this product. The required result 
may therefore be written as the product 
of the hindrances of all possible paths 
between the two points. Paths which 
touch the same point more than once 
need not be considered. In figure 12 this 
method is applied to the bridge. The 
paths are shown dotted. The function is 
therefore given by : 

X ab - (R + S) (U + V) (R + T + V) • 

(U+T + F 

= RU + SV ■+• RTV + UTS 

= R(U + TV) +S(V+TU) 

The same result is thus obtained as with 
the first method. 



Figure 11. Hindrance function by means of 
transformations 
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The third method is to draw all pos¬ 
sible lines which would break the circuit 
between the points under consideration, 
making the lines go through the hin¬ 
drances of the circuit. The result is 
written as a sum, each term correspond¬ 
ing to a certain line. These terms are 
the products of all the hindrances on the 
line. The justification of the method is 
similar to that for the second method. 
This method is applied to the bridge in 
figure 13.. 

This again gives for the hindrance of 
the network: 

X at> - RU + SV + RTV + STU 
- R(U + TV) + S(V + TU) 

The third method is usually the most 
convenient and rapid, for it gives the 
result directly as a sum. It seems much 
easier to handle sums than products due, 
no doubt, to the fact that in ordinary 
algebra we have the distributive law 
X(Y + Z) *= XY + XZ , but not its 
dual X + YZ - (X + Y)(X + Z). It 
is, however, sometimes difficult to apply 
the third method to nonplanar networks 
(networks which cannot be drawn on a 
plane without crossing lines) and in this 
case one of the other two methods may be 
used. 

Simultaneous Equations 

In analyzing a given circuit it is con¬ 
venient to divide the various variables 
into two classes. Hindrance elements 
which are directly controlled by a source 
external to the circuit under considera¬ 
tion will be called independent variables. 
Thcsewill include hand-operated switches, 
contacts on external relays, etc. Relays 
and other devices controlled by the net¬ 
work will be called dependent variables. 
We shall, in general, use the earlier letters 
of the alphabet to represent independent 
variables and the later letters for depend¬ 
ent variables. In figure 7 the dependent 
variables are X iy Xi . . . X n . X k will 
evidently be operated if and only if 
X ok « 0, where X ok is the hindrance 
function of N between terminals 0 and 
k , That is: 


X*«X 0 * ’*-1,2,...« 

This is a system of equations which com- 



Figure 12. Hindrance function as a product 


of sums 
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pietely define the operation of the system. 
The right-hand members will be known 
functions involving the various dependent 
and independent variables and given the 
starting conditions and the values of the 
independent variables the dependent 
variables may be computed. 

A transformation will now be described 
for reducing the number of elements re¬ 
quired to realize a set of simultaneous 
equations. This transformation keeps 
Xq k (k = 1, 2 ... ft) invariant, but 
Xjk (j> k — 1, 2 . . . n) may be changed, 
so that the new network may not be 
equivalent in the strict sense defined to 
the old one. The operation of all the 
relays will be the same, however. This 
simplification is only applicable if the 
Xoa functions are written as sums and 
certain terms are common to two or 
more equations. For example suppose 
the set of equations is as follows: 


versed), and second, this choice makes the 
hindrance functions closely analogous to 
impedances. Under the alternative defi¬ 
nitions they would be more similar to 
admittances, which are less commonly 
used. 

Sometimes the relation JF = 0 ob¬ 
tains between two relays X and Y. This 



Figure 14. Example of reduction of simul¬ 
taneous equations 


W - A + B + CW 
X - A + B + WX 
Y = A + CY 
Z = EZ + F 

This may be realized with the circuit 
of figure 14, using only one A element 
for the three places where A occurs and 



Figure 13. Hindrance function as a sum of 
products 


only one B element for its two appear¬ 
ances. The justification is quite obvious. 
This may be indicated symbolically by 
drawing a vertical line after the terms 
common to the various equations, as 
shown below. 


W m 

X - A + 
Y - 

Z •- F + 


B + 

CY 

EZ 


CW 

WX 


It follows from the principle of duality 
tha t if we had, defined multiplication to 
represent series connection, and addition 
for parallel connection, exactly the same 
theorems of manipulation would be ob¬ 
tained. There were two reasons for 
choosing the definitions given. First, 
as has been mentioned, it is easier to 
manipulate sums than products and the 
transformation just described can only 
be applied to sums (for constant-current 
relay circuits this condition is exactly re¬ 


is true if Y can operate only if X is 
operated. This frequently occurs in 
what is known as a sequential system. 
In a circuit of this type the relays can 
only operate in a certain order or se¬ 
quence, the operation of one relay in 
general “preparing” the ciicuit so that 
the next in order can operate. If X pre¬ 
cedes Y in the sequence and both are con¬ 
strained to remain operated until the 
sequence is finished then this condition 
will be fulfilled. In such a case the 
following equations hold and may some¬ 
times be used for simplification of ex¬ 
pressions. If XT' — 0, then 

X'Y* — Y r 
XY = X 
X' + Y = 1 
X' + Y' - X* 

X + Y - Y 

These may be proved by adding XY f — 0 
to the left-hand member or multiplying 
it by X' + Y = 1, thus not changing 
the value. For example to prove the 
first one, add X Y' to X f Y' and factor. 

Special Types of Relays and Switches 

In certain types of circuits it is neces¬ 
sary to preserve a definite sequential re¬ 
lation in the operation of the contacts of a 
relay. This is done with make-before- 
break (or continuity) and break-make 
(or transfer) contacts. In handling this 
type of circuit the simplest method seems 
to be to assume in setting up the equations 
that the make and break contacts operate 
simultaneously, and after all simplifica¬ 
tions of the equations have been made and 
the resulting circuit drawn, the required 
type of contact sequence is found from 
inspection. 
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Relays having a time delay in operat¬ 
ing or deoperating may be treated simi¬ 
larly or by shifting the time axis. Thus 
if a relay coil is connected to a battery 
through a hindrance X, and the relay 
has a delay of p seconds in operating and 
releasing, then the hindrance function of 
the contacts of the relay will also be X, 
but at a time p seconds later. This may 
be indicated by writing X(t) for the hin¬ 
drance in series with the relay, and X 
(t — p) for that of the relay contacts. 

There are many special types of relays 
and switches for particular purposes, such 
as the stepping switches and selector 
switches of various sorts, multiwinding 
relays,cross-bar switches, etc. Theopera- 
tion of all these types may be described 
with the words “or,” “and,” “if,” “oper¬ 
ated,” and “not operated.” This is a 
sufficient condition that they may be de¬ 
scribed in terms of hindrance functions 
with the operations of addition, multipli¬ 
cation, negation, and equality. Thus a 
two-winding relay might be so con¬ 
structed that it is operated if the first or 
the second winding is operated (acti¬ 
vated) and the first and the second wind¬ 
ings are not operated. If the first wind¬ 
ing isX and the second Y, the hinrlrar.™ 
function of mate contacts on the relay 
will then be XY + X'Y'. Usually, how¬ 
ever, these special relays occur only at 
the end of a complex circuit and may be 
omitted entirely from the calculations to 
be added after the rest of the circuit is 
designed. 

Sometimes a relay X is to operate when 
a circuit R closes and to r emain dosed 
independent of R until a circuit 5 opens. 
Such a circuit is known as a lock-in cir¬ 
cuit. Its equation is: 

X = RX + S 
Replacing XbyX' gives: 

X' = RX' + S 
or 

X - (*' + X)S' 

In this case X is opened when R closes and 
remains open until 5 opens. 

IV. Synthesis of Networks 

Some General Theorems on 
Networks and Functions 

It has been shown that any function 
may be expanded in a series consisting of 
a sum of products, each product being of 
the form X 1 X 2 . . . Xji with some per¬ 
mutation of primes on the letters, and 
each product having the coefficient 0 or 1. 

Now since each of the n variables may or 
may not have a prime, there is a total of 
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2 “ different products of this form. Simi¬ 
larly each product may have the coef¬ 
ficient 0 or the coefficient 1 so there are 
2 *" possible sums of this sort. Hen ce we 
have the theorem: The number of func¬ 
tions obtainable from n variables is 2 tn . 

Each of these sums will represent a dif¬ 
ferent function, but some of the functions 
may actually involve less than n vari¬ 
ables (that is, they are of such a form that 
for one or more of the n variables, say 
X k , we have identically /| x *„ 0 =/lx*-i 
so that under no conditions does the 
value of the function depend on the value 
X k ). Thus for two variables, X and Y, 
among the 16 functions obtained will be 
X> V, X', Y' , 0, and 1 which do not in¬ 
volve both X and Y. To find the num¬ 
ber of functions which actually involve 
all of the n variables we proceed as fol¬ 
lows. Let <p(n) be the number. Then 
by the theorem just given: 

2 “ = E(2)*W 

jfc«0 

where (?) = n\/k\ (n-k )\is the number 
of combinations of n things taken & at a 
time. That is, the total number of func¬ 
tions obtainable from n variables is equal 
to the sum of the numbers of those func¬ 
tions obtainable from each possible selec¬ 
tion of variables from these n which ac¬ 
tually. involve all the variables in the 
selection. Solving for <j> (n) gives: 

*•)- . 

Jfe-0 

By substituting for <p{n - 1) on the right 
the similar expression found by replacing 
» by n - 1 in this equation, then similarly 
substituting for 0(» - 2) in the expression 
thus obtained, etc., an equation may be 
obtained involving only <f>(n). This equa¬ 
tion may then be simplified to the form: 

*(*>■ “ E (*) 2**(—1)*-» 

k~0 

As n increases this expression approaches 
its leading term 2*” asymptotically. The 
error in using only this term for w = 5 
is less than 0.01 per cent. 

We shall now determine those func¬ 
tions of n variables which require the most 



Figure 15 (left). Planar network for illustra¬ 
tion of duality theorem 


Figure 16 (right). Dual of figure 15 
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relay contacts to realize, and find the 
number of contacts required. In order 
to do this, it is necessary to define a func¬ 
tion of two variables known as the sum 
modulo two or disjunct of the variables. 
This function is written Xi@X 2 and is 
defined by the equation: 

*i © X 2 - XiX 2 ' + Xi'X* 

It is easy to show that the sum modulo 
two obeys the commutative, associative, 
and the distributive law with respect to 
multiplication, that is, 

Xt © X, * X* ® Xi 

(Xi © X t ) 0 X t - Xi © (X 2 © Xi) 

Xi(Xi®Xi) - X l X 2 ®X l Xi 

Also: 

PTi © Xi) r = Xi © XY * Xi‘ © X% 

Xi © 0 * Xi 

Xi © 1 =» Xi’ 

Since the sum modulo two obeys the as¬ 
sociative law, we may omit parentheses in 
a sum of several terms without ambiguity. 
The sum modulo two of the n variables 
Xi, Xi . . . X n will for convenience be 
written: 

Xi © Xi © Xi .. . © X n m s X h 

Theorem: The two functions of n 
variables which require the most ele- 


c 



Figure 17. Superposition of a network and 
its dual 


ments (relay contacts) in a series-parallel 
realization are EX* and (sx*)', each of 

which requires (3-2*- 1 -2) elements. 

This will be proved by mathematical 
induction. First note that it is true for 
*“2. There are ten functions involving 
two variables, namely, XY, X + Y, 
X'Y, X' + Y, XT, X + T, X' T, 
X' + T, XT + X'Y, XY + X'T. 
All of these but the last two require two 
elements; the last two require four ele¬ 
ments and are X 0 Y and (X 0 Y)\ 
respectively. Thus the theorem is true 
for n = 2. Now assuming it true for 
n — 1, we shall prove it true for n and 
thus complete the induction. Any futtc- 
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tion of n variables may be expanded 
about the nth variable as follows: 


ftXu X*... XJ-f-XJiX i... X,-u 1)+ 
X n 'fiXi...X rU 0 ) (19) 


Now the terms f(X i . . . X n -i, 1 ) and 
f(X i . . . X n -i, 0 ) are functions of w—1 
variables and if they individually require 
the most elements for n—1 variables, then 
/ will require the most elements for n 
variables, providing there is no other 
method of writing/ so that less elements 
are required. We have assumed that 
the most elements for n — 1 variables are 

71 — 1 


required by 3 X k and its negative. If we, 

l 

therefore, substitute for/(Xi... X n -i, 1) 

n—l 

the function 3 X k and for f(X i .. . 

1 / rtt “ 1 V 

X n -i, 0) the function ^ 3 X k J we find: 

»-i /»-1 \' fn \t 


From the symmetry of this function there 
is no other way of expanding which will 


requiring the most elements using any 
type of circuit has not as yet been deter¬ 
mined. 

Dual Networks 

The negative of any network may be 
found by De Morgan’s theorem, but the 
network must first be transformed into an 
equivalent series-parallel circuit (unless 
it is already of this type). A theorem will 
be developed with which the negative of 
any planar two-terminal circuit may be 
found directly. As a corollary a method 
of finding a constant-current circuit 



Figure 19 (left). General constant-voltage 
relay circuit 


Figure 20 (right). General constant-current 
relay circuit 



reduce the number of elements. If the 
functions are substituted in the other 
order we get: 

/»-i \ n 

f = X n ( *Xu)'+Z.'*Z>-*Z> 

This completes the proof that these func¬ 
tions require the most elements. 

To show that each requires 2) 

elements, let the number of elements re¬ 
quired be denoted by s(n). Then from 
(19) we get the difference equation: 

s(n) » 2s(n — 1) + 2 

with s(2) = 4. This is linear, with con¬ 
stant coefficients, and may be solved by 
the usual methods. The solution is: 

s(n) = 3-2*- 1 - 2 

as may easily be verified by substituting 
in the difference equation and boundary 
condition. 

Note that the above only applies to a 
series-parallel realization. In a later 
section it will be shown that the function 
« 

3 X k and its negative may be realized 
i 

with 4(w—1) elements using a more 
general type of circuit. The function 
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equivalent to a given constant-voltage 
circuit and vice versa will be given. 

Let N represent a planar network of 
hindrances, with the function X ab 
between the terminals a and b which are 
on the outer edge of the network. For 
definiteness consider the network of 
figure 15 (here the hindrances are shown 
merely as lines). 

Now let M represent the dual of N 
as found by the following process; for 
each contour or mesh of N assign a node 
or junction point of M. For each ele¬ 
ment of N, say X k} separating the con¬ 
tours r and r there corresponds an de¬ 
ment X k connecting the nodes r and r 
of M. The area exterior to N is to be 
considered as two meshes, c and d, cor¬ 
responding to nodes c and d of M. Thus 
the dual of figure 15 is the network of 
figure 16. 

Theorem: If M and N bear this du¬ 
ality relationship, then X^ — X^. To 
prove this, let the network M be super¬ 
imposed upon N, the nodes of M within 
the corresponding meshes of N and cor¬ 
responding dements crossing. For the 
network of figure 15, this is shown in 
figure 17 with AT solid and M dotted. 
Incidentally, the easiest method of find¬ 
ing the dual of a network (whether of this 
type or an impedance network) is to draw 
lie required network superimposed on 
the given network. Now, if Xab — 9, 
then there must be some path from a to b 
along the lines of N such that every ele¬ 
ment on this path equals zero. But this 
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Figure 21 (left). Simple constant-voltage 
system 


Figure 22 (right). Constant-current system 
equivalent to figure 21 

path represents a path across M dividing 
the circuit from c to d along which every 
element of M is one. Hence X cd — 1. 
Similarly, if - 0, then X^ * 1, 
and it follows that X ab — X&. 

It is evident from this theorem that a 
negative for any planar network may be 
realized with the same number of dements 
as the given network, f 
In a constant-voltage rday system all 
the relays are in parallel across the line. 
To open a relay a series connection is 
opened. The general constant-voltage 
system is shown in figure 19. In a con¬ 
stant-current system the rdays are all in 
series in the line. To de-operate a rday 
it is short-circuited. The general con¬ 
stant-current drcuit corresponding to 
figure 19 is shown in figure 20. If the 
relay Y k of figure 20 is to be operated 
whenever the rday X k of figure 19 is 
operated and not otherwise, then evi¬ 
dently the hindrance in parallel with Y k 
which short-circuits it must be the 
negative of the hindrance in series with 
X k which connects it across the voltage 
source. If this is true for all the rdays, 
we sh all say that the constant-current 
and constant-voltage systems are equiva¬ 
lent. The above theorem may be 
used to find equivalent dreuits of this 
sort, for if we make the networks N and 
M of figures 19 and 20 duals in the sense 
described, with X k and Y k as correspond¬ 
ing elements, then the condition will be 
satisfied. A simple example of this is 
shown in figures 21 and 22. 

Synthesis of the 

General Symmetric Function 

It has been shown that any function 
represents explicitly a series-paralld dr¬ 
cuit. The series-parallel realization may 
require more dements, however, than 
some other network representing the same 
function. In this section a method will 
be given for finding a drcuit representing 
a certain type of function which in general 
is much more economical of dements than 

t This is not in general true if the word “planar’' 
is omitted. The nonplanar network Kob» .of 
figure 18, for example, has no negative containing 
only eight dements. 
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the best series-parallel circuit. This type 
of function is known as a sy mm etric 
function and appears frequently in relay 
circuits. 

Definition: A function of the n vari¬ 
ables Xiy X 2 . . . X n is said to be sym¬ 
metric in these variables if any inter- 



Fisure 23. Circuit for realizing Sj(X„ X 2/ X 3 ) 


*3 



Figure 24. Simplification, of figure 23 


change of the variables leaves the func¬ 
tion identically the same. Thus XY + 
XZ + YZ is symmetric in the variables 
X, Y, and Z. Since any permutation of 
variables may be obtained by successive 
interchanges of two variables, a neces- 


function XY + XZ + YZ has the a- 
numbers 2 and 3, since the function is 
zero if just two of the variables are zero 
or if three are zero, but not if none or if 
one is zero. To find the a-numbers of a 
given symmetric function it is merely 
necessary to evaluate the function with 
0, 1 ...» of the variables zero. Those 
numbers for which the result is zero are 
the a-numbers of the function. 

Theorem: There are 2 n "*~ 1 symmetric 
functions of n variables. This follows 
from the fact that there are n + 1 num¬ 
bers, each of which may be taken or not 
in our selection of a-numbers. Two of 
the functions are trivial, however, namely, 
those in which all and none of the numbers 
are taken. These give the “functions” 

0 and 1, respectively. The symmetric 
function of the n variables X h X 2 . . . X n 
with the a-numbers ai, a% . . . a* will be 
written SaiCh ... a* (X U X 2 ... X n ). Thus 
the example given would be S 2 ,a(Z, F,Z). 
The circuit which has been developed for 
realizing the general symmetric function 
is based on the a-numbers of the function 
and we shall now assume that they are 
known. 

Theorem: The sum of two given sym¬ 
metric functions of the same set of vari¬ 
ables is a symmetric function of these 


0, 1, 2, and 3 at the right. The terminal 
b is connected to the levels corresponding 
to the a-numbers of the required function, 
in this case to the level marked 2. The 
line coming in at first encounters a pair 
of hindrances X\ and X\. If X\ = 0, 
the line is switched up to the level marked 
1, meaning that one of the variables is 
zero; if not it stays at the same level. 
Next we come to hindrances X 2 and 
X 2t If X 2 = 0, the line is switched up a 
level; if not, it stays at the same level. 
X s has a similar effect. Finally reaching 
the right-hand set of terminals, the line 
has been switched up to a level equal to 
the total number variables which are 
zero. Since terminal b is connected to 
the level marked 2, the circuit a-b will 
be completed if and only if 2 of the vari- 



Figure 25. Circuit for realizing the general 
symmetric function S«,« 2 ... ak (X lt X„ „..X n ) 


sary and sufficient condition that a func¬ 
tion be symmetric is that any interchange 
of two variables leaves the function un¬ 
altered. 

By proper selection of the variables 
many apparently unsymmetric functions 
may be made symmetric. For example, 
XY'Z + X r YZ + X'Y'Z' although not 
symmetric in X } Y, and Zis symmetric in 
X t Y, and Z'. It is also sometimes pos¬ 
sible to write an unsymmetric function 
as a symmetric function multiplied by a 
simple term or added to a simple term. 
In such a case the symmetric part may be 
realized with the methods to be de¬ 
scribed, and the additional term supplied 
as a series or parallel connection. 

The following theorem forms the basis 
of the method of design which has been 
developed. 

Theorem: A necessary and sufficient 
condition that a function be symmetric is 
that it may be specified by stating a set 
of numbers a h 02 ... a* such that if ex¬ 
actly cij (j = 1, 2,3 . .. k) of the variables 
are zero, then the function is zero and not 
otherwise. This follows easily from the 
definition. The set of numbers a lf 
02 . . . a* may be any set of numbers 
selected from the numbers 0 to », in- 
cltiave, where n is the number of variables 
in the symmetric function. For con¬ 
venience, they will be called the a- 
numbers of the function. The symmetric 
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variables having for a-numbers those 
numbers common to the two given func¬ 
tions. Thus *Sx, 2,8 (X, . . . Z 6 ) + S 235 
pCi,.. Zo) = S 2f z (Xi ... Xq). 

Theorem: The product of two given 
symmetric functions of the same set 
of variables is a symmetric function of 
these variables with all the numbers ap¬ 
pearing in either or both of the given func¬ 
tions for a-numbers. Thus S w (Xi . .. 
-&) • &,*,» (Xi... Xt) = s w ,'t (Xi ... 
Xt). To prove these theorems, note 
that a product is zero if either factor is 
zero, while a sum is zero only if both terms 
are zero. 

Theorem: The negative of a symmetric 
function of h variables is a symmetric 
function of these variables having for a- 
numbers all the numbers from 0 to n, 
inclusive, which are not in the a-numbers 
of the given function. Thus S't 3 s (Xi 
X*) - *V4,« (Xi .. .Xt). 

Before considering the synthesis of the 
general symmetric function S auat 
(Xi, Xt... X n ) a simple example will be 
given. Suppose the function St(X h X it 
X t ) is to be realized. This means that 
we must construct a circuit which will be 
dosed when any two of the variables 

Xu Xt, Xt are zero, but open if none, or 
one or three are zero. A circuit for this 
purpose is shown in figure 23. This cir¬ 
cuit may be divided into three bays, one 
or each variable, and four levels marked 
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Each sloping element has the hindrance of 
the variable written below it; each hori¬ 
zontal element has the negative of this hin¬ 
drance. This convention will be used on most 
symmetric-function drawings 


ables are zero. If S 0 ,, (X u Xt, X 3 ) 
had been desired, terminal b would be 
connected to both levels 0 and 3. In 
figure 23 certain of the elements are evi¬ 
dently superfluous. The circuit may be 
simplified to the form of figure 24. 

For the general function exactly the 
same method is followed. Using the 
general circuit for n variables of figure 25, 
the terminal b is connected to the levels 
corresponding to the a-numbers of the 
desired symmetric function. In figure 25 
the hindrances are represented merely by 
lines, and the letters are omitted from the 
circuit, but the hindrance of each line 
may easily be seen by generalizing figure 
23. After terminal b is connected, all 

superfluous elements may be deleted. 

In certain cases it is possible to greatly 
simplify the circuit by shifting the levels 
down. Suppose the function S w (X t 
• •. Xt) is desired. Instead of continuing 
the circuit up to the sixth level, we con¬ 
nect the second level back down to the 
zero level as shown in figure 2(3. The 
zero level then also becomes the third 
level and the sixth level. With terminal 
b connected to this level, we have realized 
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the function with a great saving of ele¬ 
ments. Eliminating unnecessary ele¬ 
ments the circuit of figure 27 is obtained. 
This device is especially useful if the a- 
numbers form an arithmetic progression, 
although it can sometimes be applied in 
other cases. 

n fn y 

The functions E-ST* and ( 3X k ) which 

were shown to require the most elements 
for a series parallel realization have very 
simple circuits when developed in this 

manner. It can be easily shown that if 

» 

n is even, then %X k is the symmetric 

function with all the even numbers for 
a-numbers, if n is odd it has all the odd 

numbers for a-numbers. The function 

/ 

is, of course, just the opposite. 

Using the shifting-down process the cir¬ 
cuits are as shown in figures 28 and 29. 
These circuits each require 4(w—1) ele¬ 
ments. They will be recognized as the 
familiar circuit for controlling a light 




Figure 26. Circuit for So.^Xj, . . . X e ) using 
the Shifting down** process 



Figure 27. Simplification of figure 26 


Table II. Relation of Operating Characteristics and Equations 


Symbol In Terms of Operation In Terms of Nonoperation 


X .The switch or relay X is operated... .The switch or relay X is not operated 

-.If......If 

X' .. . •.The switch or relay X is not operated.The switch or relay X is operated 

♦.Or..And 

+.And.. .Or 

(- )' .The circuit (-) is not closed, or apply.. .The circuit (-) is dosed, or apply 

De Morgan’s theorem De Morgan’s theorem 

X(t - p) .X has been operated for at least p seconds.. .X has been open for at least p seconds 

If the dependent variable appears in its own defining function (as in a lock-in drcuit) strict adherence to 
the above leads to confusing sentences. In such cases the following equivalents should be used. 

X =* RX -f- 6..X is operated when R is closed (pro¬ 

viding 5 is dosed) and remains so 
independent of R until 5 opens 

X =* ( R' H- X)S' .X is opened when R is dosed (pro¬ 

viding 5 is dosed) and remains so 
independent of R until 5 opens 

In using this table it is usually best to write the function under consideration either as a sum of pure products 
or as a product of pure sums. In the case of a sum of products the characteristics should be defined in 
terms of nonoperation; for a product of sums in terms of operation. If this is not done it is difficult to 
give implicit and explicit parentheses the proper significance. 


0 or n missing will produce one unneces¬ 
sary element. However, if two of the a- 
numbers differ by only one, then two ele¬ 
ments will be superfluous. If more than 
two of the a-numbers are adjacent, or if 
two or more adjacent numbers are miss¬ 
ing, then more than one element apiece 
will be superfluous. It is evident then 
that the worst case will be that in 
which the a-numbers are all the odd num¬ 
bers or all the even numbers from 0 to 
n. In each of these cases it is easily 
seen that n of the elements will be super¬ 
fluous. In these cases the shifting down 
process may be used if n > 2 so that the 
maximum of n 2 elements will be needed 
only for the four particular functions 
X, X',X®F,and(X©F)'. 

Equations From Given ' 

Operating Characteristics 


which may be necessary will usually be 
obvious from the nature of the problem. 

2. The hindrance equations for each of 
the dependent variables should now be 
written down. These functions may in¬ 
volve any of the variables, dependent or 
independent, including the variable whose 
function is being determined (as, for 
example, in a lock-in circuit). The condi¬ 
tions may be either conditions for operation 
or for nonoperation. Equations are written 
from operating characteristics according to 
table II. To illustrate the use of this table 
suppose a relay U is to operate if * is oper¬ 
ated and y or z is operated and v or w or z 
is not operated. The expression for A 
will be: 

U *■ x + y* + v'w'z' 

Lock-in relay equations have already been 
discussed. It does not, of course, matter 
if the same conditions are put in the expres¬ 
sion more than once—all superfluous mate¬ 
rial will disappear in the final simplification. 


from n points, using (»—2) double-pole 
double-throw switches and two single- 
pole-double-throw switches. If at any 
one of the points the position of the switch 
is changed, the total number of variables 
which equal zero is changed by one, so 
that if the light is on, it will be turned off 
and if already off, it will be turned on. 

More than one symmetric function of 
a certain set of variables may be realized 
with just one circuit of the form of 
figure 26, providing the different func¬ 
tions have no a-numbers in common. If 
there are common a-numbers the levels 
may be shif ted down, or an extra relay 
may be added so that one circuit is still 
sufficient. 

The general network of figure 25 con¬ 
tains n(n+l) elements. We will show 
that for any given selection of a-numbers, 
at least n of the elements will be super¬ 
fluous. Each number from 1 to it 1, in¬ 
clusive, which is* not in the set of a-num¬ 
bers produces two unnecessary elements; 


In general, there is a certain set of in¬ 
dependent variables A, B, C . . . which 
may be switches, externally operated or 
protective relays. There is also a set 
of dependent variables y f z ... which 
represent relays, motors or other devices 
to be controlled by the circuit. It is 
required to find a network which gives, 
for each possible combination of values of 
the independent variables, the correct 
values for all the dependent variables. 
The following principles give the general 
method of solution. 

1. Additional dependentvariables must be 
introduced for each added phase of opera¬ 
tion of sequential system. Thus if it is 
desired to construct a system which operates 
in three steps, two additional variables must 
be introduced to represent the beginning of 
the last two steps. These additional vari¬ 
ables may represent contacts oii a stepping 
switch or relays which lock in sequentially. 
Similarly each required time delay will re* 
, quire a new variable, representing a time de¬ 
lay relay of some sort. Other forms of relays 


3. The expressions for the various de¬ 
pendent variables should next be simplified 




X, X 2 Xg ■ 


x n -i Xn 


n n 

Figure 28. EX* for n odd; (EX*)' forn 

1 BUM 1 




Xl x 2 Xg - 


X n -| x n 


Figure 29. (EX*) for n even; (EX*)' for n 
1 odd 1 


as much as possible by means of the theo¬ 
rems on manipulation of these quantities. 
Just how much this can be done depends 
somewhat on the ingenuity of the designer* 

4. The resulting circuit should now be 
drawn. Any necessary additions dictated 
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Figure 30. Series-parallel realization of 
selective circuit 



Figure 31. Selective circuit from symmetric- 
function method 


by practical considerations such as current- 
carrying ability, sequence of contact opera¬ 
tion, etc., should be made. 

V. Illustrative Examples 

In this section several problems will 
be solved with the methods which have 
been developed. The examples are in¬ 
tended more to illustrate the use of the 
calculus in actual problems and to show 
the versatility of relay and switching 
circuits than to describe practical de¬ 
vices. 

It is possible to perform complex 
mathematical operations by means of 
relay circuits. Numbers may be rep¬ 
resented by the positions of relays or 
stepping switches, and interconnections 
between sets of relays can be made to 
represent various mathematical opera¬ 
tions. In fact, any operation that can 
be completely described in a finite num¬ 
ber of steps using the words “if,” “or,” 
“and,” etc. (see table II), can be done 
automatically with relays. The last 
example is an illustration of a mathemati¬ 
cal operation accomplished with relays. 

A Selective Circuit 

A relay U is to operate when any one, 
any three or when all four of the relays 
w y x , y, and z are operated but not when 
none or two are operated. The hin- 
derance function for TJ will evidently be: 

V =* wxyz + w'x'yz + w'xy's + w Vyz' + 
wx'y'z + wx'yz' + wxy'z- 

Reducing to the simplest series-parallel 
form: 

U = w[x(yz + y'z') + x'(y'z + yz')] + 
w'[x(y'z + yz r ) + x f yz] 

This circuit is shown in figure 30. It re¬ 
quires 20 elements. However, using the 


symmetric-function method, we may 
write for U: 

U « \(w, x, y, z) 

This circuit (figure 31) contains only 15 
elements. A still further reduction may 
be made with the following device. First 
write: 

XJ r « S 0 2 (w, x , y, z) 

This has the circuit of figure 32. What 
is required is the negative of this function. 
This is a planar network and we may ap- 




+ _^ ^4 — 

w x y 



Figure 32. Negative of selective circuit from 
symmetric-function method 



Figure 33. Dual of figure 32 


ply the theorem on the dual of a net¬ 
work, thus obtaining the circuit shown in 
figure 33. This contains 14 elements and 
is probably the most economical circuit 
of any sort. 

Design of an 

Electric Combination Lock 

An electric lock is to be constructed 
with the following characteristics. There 
are to be five pushbutton switches avail¬ 
able on the front of the lock. These will 
be labeled a, b, c, d, e. To operate the 


lock the buttons must be pressed in the 
following order: c, b , a, and c simul¬ 
taneously, d . When operated in this 
sequence the lock is to unlock, but if any 
button is pressed incorrectly an alarm 
U is to operate. To relock the system a 
switch g must be operated. To release 
the alarm once it has started a switch h 
must be operated. This being a sequen¬ 
tial system either a stepping switch or 
additional sequential relays are required. 
Using sequential relays let them be de¬ 
noted by w t x } y and z corresponding, re¬ 
spectively, to the correct sequence of 
operating the push buttons. An addi¬ 
tional time-delay relay is also required 
due to the third step in the operation. 
Obviously, even in correct operation a 
and c cannot be pressed at exactly the 
same time, but if only one is pressed and 
held down the alarm should operate. 
Therefore assume an auxiliary time delay 
relay v which will operate if either a or c 
alone is pressed at the end of step 2 and 
held down longer than time s the delay of 
the relay. 

When z has operated the lock unlocks 
and at this point let all the other relays 
drop out of the circuit. The equations 
of the system may be written down im¬ 
mediately: 

w * cm + z r + U' 
x » bx + w + + TJ* 

y « (a + c)y + x + z' + U f 
Z * z(d + y) + g* + W 
v » x -1- ac + aV + z' + U f 
U - e(w' + abd)(w + x' + ad) • 

[x + y' + dv(t - s)] * 

[y + bv(l -s)]U + h'+z r 

These expressions can be simplified con¬ 
siderably, first by combining the second 
and third factors in the first term of U f 


Figure 34. Combination-lock circuit 
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and then by factoring out the common 
terms of the several functions. The 
final simplified form is as below: 


U 

w 

x 

y 

V 

z 


Z' + 


U' + 


W +e[ad(b+w')+x'] • 
(x + y* + dv)(y + vb)U 
I cw 

\bx + w 

}(a + c)y 


* + 

g' + \y + d}*+ & 


\ac + a'c r 


This corresponds to the circuit of figure 
34. 


Electric Adder to the Base Two 

A circuit is to be designed that will 
automatically add two numbers, using 
only relays and switches. Although any 
numbering base could be used the circuit 
is greatly simplified by using the scale of 
two. Each digit is thus either 0 or 1; 
the number whose digits in order are 
a k , ajt-i, a k - 2 , . . . a*, ai, a 0 has the value 




J-O 


Let the two numbers which are to be 
added be represented by a series of 
switches; a k) a k - i ,... a h a 0 representing 
the various digits of one of the numbers 
and b k , b k -i, . . . b h b Q the digits of the 
other number. The sum will be rep¬ 
resented by the positions of a set of relays 
s k + u s kt $ k -1 .. . s lt So. A number which 
is carried to the 7 th column from the 
(7 — l)th column will be represented by a 
relay Cj. If the value of any digit is 
zero, the corresponding relay or switch 
will be taken to be in the position of zero 
hindrance; if one, in the position where 
the hindrance is one. The actual addi¬ 
tion is shown below: 


c k +i c k Cj+iCj C 2 C 1 Carried numbers 

a k — aj+ yd) —a 2 fliao First number 

b k bj+ibj bjbibo Second number 

c k +1 S k — Sj+ iSj — S&So Sum 
or 
Sfc+i 



Figure 35. Circuits for electric adder 



Figure 36. Simplification of figure 35 
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Low-Voltage Fluorescent Lamps 


By G. E. INMAN 

NONMEMBER A1EE 


Introduction 

F LUORESCENT lamps have been 
developed, simple in design, and 
operating through suitable ballast from 
115- and 230-volt a-c circuits. They are 
tubular in form, and the fluorescent ma¬ 
terial is energized by a hot-cathode posi¬ 
tive-column dectric discharge. Just as a 
transformer converts one voltage to an¬ 
other, the fluorescent powder adhering 
to the inner wall of the bulb converts the 
invisible ultraviolet radiation present in a 
low-pressure mercury discharge into vis¬ 
ible radiation, or light. Recent progress 
in the devdopment of these lamps has re¬ 
sulted from the gradual increase in knowl¬ 
edge pertaining to hot cathodes, to the 
production of short-wave ultraviolet, and 
to the manufacture of efficient fluores¬ 
cent powders. These advances have been 
applied in a lamp to produce colored light 
many times more efficiently than do pres¬ 
ent light sources. In addition, fluores¬ 
cence makes possible for the first time an 
effident, practicable, low-wattage white 
light matching daylight in appearance. 
Much of the devdopment has been con- 
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centrated on the electrical characteristics 
of the lamps, and on the design of effident 
ballast equipment. The lamps described 
are in one of several dasses which are 
under devdopment. In some respects 
they are experimental and may be 
changed before being commerdalized. 

Lamp Description 

To obtain the positive-column type of 
discharge, found most effident for this 
lamp, the tube length should be at least 
several times its diameter. One elec¬ 
trode is sealed in at each end of the tube, 
and serves alternately as cathode and 
anode. The electrodes are small coils of 
tungsten wire (see figure 1 ) coated with 
emission material, such as barium and 
strontium carbonates, which in manu¬ 
facture are broken down into oxides. The 
tungsten wire is small enough not only to 
be heated suffidently by the energy of the 
discharge to provide good emission, but 
also to heat up quiddy when the lamp is 
started. In general, only one or two 
turns of the tungsten coils are heated to 
incandescence by the discharge, but the 
hot spots shift from one section to another 
during the life of the lamp. 

The inner wall of the tube is coated with 
a th i n layer of fluorescent material (also 
called the phosphor). Inside coating, 
in addition to its usual advantages, is es¬ 
sential in this case because the ultraviolet 
radiation which energizes the phosphor 


Starting from the right, s Q is one if oo 
is one and bo is zero or if cio is zero and 
bo one but not otherwise. 

Hence: 

$ 0 ** ddbo + do bo ■■ flo 0 bo 

ci is one if both Oo and b 0 are one but not 
otherwise. 

Ci = ao'bo 

Sj is one if just one of dj, bj, is one, or if 
all three are one. 

Sj - Si t z(dj, bj, Cj) j - 1,2,... k 

Cj+i is one if two or if three of these 
variables are one. 

Cj+i = Si t s(dj t bj, Cj) j • 1> 2,... h 
Inman , Thayer—Fluorescent Lamps 


Using the method of symmetric functions, 
and shifting down for Sj gives the circuits 
of figure 35. Eliminating superfluous 
elements we arrive at figure 36. 
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will not pass through ordinary glass. The 
coating must be thick enough to absorb 
the impinging ultraviolet, yet thin 
enough in every section not to absorb too 
much of its own light, or of the light in¬ 
ternally directed from the opposite side 



Figure 1. Construction of a fluorescent lamp. 
The left of the diagram represents the cross 
section of an end. The right of the diagram 
shows the completed lamp appearance 


•of the tube. Considerable effort has been 
spent on the technique of obtaining coat¬ 
ings smooth and uniform in appearance, 
and lamps of uniform color and efficiency. 

The assembled lamp, consisting only 
of this coated tube and the sealed-in elec¬ 
trode at each end, is evacuated, and the . 



Figure 2. Photograph of a fluorescent lamp 

carbonates on the electrodes are decom¬ 
posed as in radio-tube manufacture. A 
little argon gas (to facilitate starting) and 
a small drop of mercury are admitted to 
the tube. These remain without cleanup 
for the life of the lamp. A sturdy yet 
simple construction has resulted: a 
white glass tube with a cap or base on each 
end (see figure 2). Since there is no fila¬ 
ment or supporting structure of any kind 
between the electrodes, the lamp is far 
more rugged than filament lamps of the 
same size and shape, and will withstand 
far more shock and vibration. 

Lamp Design 

.. The choice of lamp dimensions and 
electrical values is determined not only 
by the maximum luminous efficiency, but 
by numerous other factors, such as a use¬ 
ful total light output, adaptability to 
starting and running on standard line 
voltages, suitable voltage drop and mini¬ 
mum wattage loss in ballast equipment, 
esthetically pleasing proportions; low sur¬ 
face brightnesses, and commercial adapt¬ 
ability to manufacture, shipment, and 


use. Any choice requires compromises, 
and only a few variables can be considered 
here. Most development has centered 
around tubes of one-inch diameter with 
currents of about 0.25 ampere. 

Mercury is used as the vapor for the 
discharge in fluorescent lamps because of 
its high efficiency in producing short ultra¬ 
violet radiation of one wave length, its 
resonance line, 2,537 angstrom units (see 
figure 3). Fluorescent materials have 
been selected, such as that shown in 
figure 4, which produce light most effi¬ 
ciently for ultraviolet radiation of about 
this wave length, thus forming an ideal 
combination. No other measured spec¬ 
tral line of the low-pressure discharge in 
mercury vapor amounts to more than 
two per cent of the input watts. Con¬ 
sequently, the 2,537 angstrom-unit line 
can reasonably be considered as the 
chief exciter of fluorescence in these 
lamps. The presence of fluorescent ma¬ 
terial on the inside of the tube has no ap¬ 
preciable effect on the operation or char¬ 
acteristics of the discharge. 

Temperature is a critical factor in the 
efficiency of production of 2,537 angstrom 
units in a low-pressure mercury discharge. 


converted to mercury resonance radiation 
(2,537 angstrom units) versus current, for the 
positive column of a mercury discharge in a 
one-inch-diameter tube held at 40 degrees 
centigrade 


Figure 5 shows that the efficiency is high¬ 
est at 40 degrees centigrade. Conse¬ 
quently, a. lamp at the most efficient 
temperature will run only 15-20 degrees 
centigrade hotter than normal room tem¬ 
perature, and to that extent is a 4 'cold 
light.” Lamps must rim hotter than 
this optimum point to obtain higher watt¬ 
age and higher light output in tubes of 
the same dimensions. By using a watt¬ 
age lower than that giving the optimum 
temperature, efficiency losses from low 
temperature may be compensated by the 
advantage of lower current density (fig¬ 
ure 3). The one-inch-diameter lamps 
listed in table I operate at the optimum 
point; the iy 2 -inch-diameter lamps oper¬ 
ate below it. The larger diameter was 


chosen to secure lower surface brightness 
and less glare. At lower temperatures, 
such as zero degrees centigrade, very little 
ultraviolet is produced because insuffi¬ 
cient mercury is vaporized. To maintain 

Table I. Characteristics of Some Fluorescent 
Lamps 


Approximate 

lumens 

Diam- Per Watt 

Length eter Am- of a 

(Inches) (Inches) Watts Volts peres Green Lamp 


18... 

...1 .. 

..16. 

... 63. 

.0.27... 

...60 

18... 

...iv*.. 

..15. 

... 50. 

.0.33... 

...60 

24... 

...li/a.. 

..20. 

... 65. 

.0.35... 

...65 

36... 

...1 .. 

..30. 

.••115. 

.0.30... 

...70 


normal light output at such an ambient 
temperature, the lamp must be jacketed 
or shielded to conserve heat. 

Another design factor is lamp voltage. 
There is an almost constant voltage drop 
at the electrodes which is practically lost 
as far as ultraviolet and light production 
is concerned. Consequently, the higher 
the lamp voltage is raised by increasing 
length or decreasing diameter, the smaller 
in percentage this loss becomes (figure 6). 
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Figure 4. Relative sensitivity of the zinc 
beryllium silicate phosphor to ultraviolet 
radiation of various wave lengths. The peak at 
or near 2,537 angstrom units is characteristic 
of several phosphors 
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BULB WALL TEMPERATUREr- 0E6 C 

Figure 5. Relative efficiency of production 
of mercury resonance radiation (2,$37 ang¬ 
strom units) versus bulb wall temperature, for 
the positive column of a mercury discharge at 
0.25 ampere in a tube of one inch diameter. 
Fluorescent light output follows this curve 
closely 
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bulbular type similar in shape to those 
now used on incandescent-filament lamps, 
but the cathode drop becomes a large per¬ 
centage of the total drop and luminous 
efficiency is low. Another reason favor¬ 
ing high lamp voltage is that auxiliary 
loss becomes less as lamp voltage becomes 
a greater proportion of line voltage. It 
is necessary for good stability of this type 
of discharge, when a simple circuit is used, 
that the lamp voltage shall not greatly 
exceed two-thirds of the available supply 
voltage, the remainder being taken up by 
suitable reactance. The bulbular, low- 
voltage lamp mentioned above would suf¬ 
fer another disadvantage from the greater 
voltage drop and wattage loss in the bal¬ 
last from 115-volt lines. 

Electrical Characteristics 
of Lamps and Circuits 

The operating voltage of a fluorescent 
lamp may be divided into two compo¬ 
nents, the electrode drop and the potential 
gradient of the positive column. The 
former is fixed somewhere between 12 and 
18 volts, dependent on electrode size, 
cathode emission, and filling gas. The 
gradient is the voltage required per inch 
of tube to make up for energy losses, such 
as the neutralization of ions at the walls, 
and the conversion of energy into radia¬ 
tion. The following empirical equations 
were found to govern for the current 


vapor (figure 8). Lamp current and lamp 
voltage are in phase for resistance ballast, 
but wave-shape distortion results in a 
lamp power-factor of 0.88-0.90, defined 
as lamp watts divided by lamp root-mean- 
square volt-amperes. Lamp power fac¬ 
tor varies somewhat with the source of 
supply and the type of ballasting equip¬ 
ment used. High-resistance voltage coils 
must be used in measurement to prevent 
serious diversion of lamp current and al¬ 
teration in wave shape; 100 ohms per 
volt has been the minimum resistance 
used. The voltage equations 1 and 2 


heated-electrode (hot) starting because 
lamp life is greatly prolonged, and end 
blackening reduced, by eliminating the 
sputtering of electrode material that oc¬ 
curs with cold starting. Also the re¬ 
quired starting voltage is reduced, and 



18 24 30 36 4 2 48 54 

LAMP LENGTH-INCHES 

Figure 6. Lamp efficiency relative to posi¬ 
tive-column efficiency/ and volts for various 
lamp lengths. The arc gap is about 1 3 4 inch 
less than over-all lamp length 

range 0.10-1.00 ampere in experimental 
lamps: 

For one-inch tube diameter, 


' 0.56 + / 


.+ 12.5 


For VA-inch tube diameter, 

•JB - 283 L +I2.g. (2) 

0.75 +1 

Where E is the lamp voltage, l the arc 
gap in inches, and I the current in am¬ 
peres. See figures 6 and 7. N 8 

The wave shapes are characteristic of 
the low-pressure discharge in mercury 
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0.50 0.75 1.00 

AMPERES 


Figure 7. Volts, amperes, and watts for one- 
inch-diameter lamps of various lengths. 
Lamp power factor is 0.90 


multiplied by current and by 0.90, lamp 
power factor, give wattage values. See 
also figure 7. 

The starting voltage of a fluorescent 
lamp without preheating of the electrodes 
(cold starting) is about four times the 
operating voltage. For example, the 
18-inch-long one-inch-diameter lamp re¬ 
quires about 250 volts to initiate the dis¬ 
charge. Even at this voltage, a nearby 
plate or other metal surface connected to 
one end of the lamp or line, or to ground, 
is usually required. Several types of sepa¬ 
rate-winding or autotype high-leakage- 
reactance transformers were tried to pro¬ 
vide automatically the required starting 
and operating voltages. But this method 
required at least 21 watts, and usually 22- 
27 watts over-all to operate one 15-watt 
lamp. A semiresonant circuit as shown 
in figure 9 B and described below, but 
with only one connection to each elec¬ 
trode, reduced over-all wattage to 17-18. 

Recent work has concentrated on pre- 


Figure 8. Oscillogram of voltage and current 
of fluorescent lamp operating from simple 
inductance (circuit of figure 9A)j 64 root- 
mean-square volts, 0.26 root-mean-square 
amperes 


may drop to 115 volts with sufficient elec¬ 
trode heating. The circuit most easily 
explained is shown in figure 9 A. Elec¬ 

trode and reactor design are so correlated 
that the electrodes are heated to incandes¬ 
cence when the switch is closed. Open¬ 
ing the switch by hand, or automatically 
by a thermal switch after one or two sec¬ 
onds of heating, produces a surge from 
the reactor which easily starts the dis¬ 
charge. A modification of this circuit is 
a vibrator element built on the reactor or 
separately. In this case repeated makes 
and breaks occur, with the electrodes 
gaining heat at each contact, until the 
discharge starts. The operating current 
then produces a field strong enough to 
hold the vibrator contacts open. The 
simple reactor loses from one to two watts, 
dependent on size. The semiresonant 
circuit developed by Mr. M. A. Edwards 
of Schenectady and shown in figure 95, 
provides simultaneously some voltage 
boost and electrode-heating current, low 
wattage loss, and automatic action with 
no moving parts. By suitable choice of 
inductance and capacitance values, and 
by correct design for the saturation char¬ 
acteristics of the inductance, a combined 
value of voltage across the lamp and elec¬ 
trode-heating current assures lamp start¬ 
ing. As soon as the lamp starts, it ef¬ 
fectively shunts the parallel circuit, and 
runs at an operating current determined 
by the series unit. Energy lost in the 
parallel circuit is less than a watt. The 
whole circuit consumes 17—18 watts over¬ 
allfora 15-watt lamp. 
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The power factor of most fluorescent 
lamp circuits is closely given by the ratio 
of lamp to line volts. A 65-volt lamp on 
the circuit of figure 9 A, with 115 volt 
line, gives about 0.57 lagging power fac¬ 
tor. If capacitance predominates, the 
power factor is the same value, but lead¬ 
ing. Although this value of power factor 
may be considered low, it is much better 
than the values of 0.20-0.26 obtained 
with the high-leakage-reactance trans¬ 
formers first tried for cold starting. Many 
variants and combinations of circuits are 


Characteristics of the Light Output 

The outstanding advantage of the 
fluorescent lamp is its ability to produce 
colored light at efficiencies far exceeding 
those of filament lamps. Experimental 
15-watt green fluorescent lamps have 
operated at 70 lumens per watt compared 
with about 0.3 lumen per watt for 60- 
watt filament lamps, an efficiency gain 
of about two hundredfold. In blue, cor¬ 
responding efficiencies are 18 against 
about 0.3, a gain of about fiftyfold. In 
other colors, the gain is less spectacular, 
but still several fold; 15-watt fluorescent 
lamps of the same color as daylight have 
been made with efficiencies of about 30 
lumens per watt, to give 450 lumens. Ob¬ 
taining the same amount of light from a 
filament lamp, with a suitable absorbing 
filter to duplicate daylight, requires 150 
watts; that is, ten times as much wattage 
and heat. 

One basis for such great gains in special 
colors is the fact that phosphors in¬ 
herently produce a certain color, de¬ 
termined by their atomic and crystal 
structure. As in figure 10, spectral en- 


TabU II. Approximate Energy Utilization in 
a 15-Watt Fluorescent Lamp 


Efficiency 
of Process 
(Per Cent) 


Conversion to 2,537 angstrom units.50 

Quantum conversion of 2,537 angstrom 
units to visible radiation (5,100 ang¬ 
strom units). 50 

Perfection of phosphor.60 

Transmission of envelope.00 

(covers bulb and base absorption) 

Over-all efficiency.13 


ergy distribution measurements typically 
show a peak region (at 5,950 angstrom 
units, yellow, in this case). In filament 
lamps, color must be produced from a 
source giving a continuous spectrum by 
the subtractive method of using a filter 
which absorbs all light except that of the 


desired color. The second basis for ef¬ 
ficiency gains is the high percentage of 
input energy converted into usable ra¬ 
diant energy. A 40-watt filament lamp, 
for example, converts about seven per 
cent of its input energy into visible ra¬ 
diant energy. Most of the remainder is 
converted into infrared radiation, which 
is not convertible into light. The 15- 
watt fluorescent lamp converts about 50 
per cent of its input energy into one ultra¬ 
violet line. Despite the efficiencies of 
utilization shown in table II, the net 
percentage of energy available for light is 
about twice that of filament lamps. 

Table II would indicate a possibility of 
increasing efficiencies 65 per cent by per¬ 
fecting phosphors. Since requirements of 
temperature and ultraviolet intensity in 
practicable lamps, however, are not those 
favoring perfect conversion by the phos¬ 
phor, expectations for practical use are 
less than this. Further development may 
produce improvements in the efficiency 
of the other items listed. 

Under external light, the phosphors 
used in these lamps all appear white, re- 

|-UNE-- 

I 


B 

Figure 9. Operating circuits for fluorescent 
lamps 



gardless of their color when fluorescing. 
As a result of this whiteness, the familiar 
yellow, green, and blue lines of the mer¬ 
cury discharge pass through the fluores¬ 
cent coating on the tube with little ab¬ 
sorption, and contribute about 3.5 lumens 
per watt to lamp efficiency. Figure 10 
shows these lines superposed on the fluores¬ 
cent spectrum. Because of their in¬ 
tensity, the production of fluorescent 
lamps with a narrow band of colored light, 
such as deep red, may require a colored 
enamel or filter. For the opposite case, 
where it is desired to avoid any sharp peak 
of energy, as for daylight lamps, several 
phosphors may be mixed together to 
give a more nearly uniform spectral en¬ 
ergy distribution. 

Miscellaneous 

Some phosphors, such as the green and 
pink, inherently possess enough lag, con¬ 
tinuing to give off light after the exciting 


source is removed (phosphorescence), 
that 15-watt fluorescent lamps using them 
show no more flicker on 60-cyde supply 
than do regular 25-watt 115-volt filament 
lamps. Other phosphors, such as blue, 
have no measurable lag, and follow closely 
the starting and extinguishing of the dis¬ 
charge on each half cycle. 

The condensation of mercury at low 
temperatures not only lowers the produc¬ 
tion of ultraviolet and of light (figure 5), 



Figure 10. Spectral energy distribution of the 
radiation from a fluorescent lamp coated with 
zinc beryllium silicate phosphor. The curve 
for the phosphor alone is smooth. The block 
peaks are representations of the visible lines 
from the mercury discharge, plotted as though 
200 angstrom units wide. The combined 
radiation matches the color, but not the 
spectral energy distribution, of a black body 
at about 2,800 degrees Kelvin 


but raises the starting voltage enough 
that special ballast equipment may be 
required. Hence, indoors, and outdoors 
in mild weather are the best fields of use. 

Every new type of lamp always raises 
the question, “How long will it live?” 
In fluorescent lamps, as in vapor lamps 
generally, useful life may be limited 
either by the number of times the lamp is 
started, or by the loss of light with con¬ 
tinued burning. Frequent starting of 
lamps causes eventual failure to start 
because the emission material sputters 
off. Where lamps are burned continu¬ 
ously, or for several hours on each start, 
they may live several thousand hours, but 
at steadily decreasing light outputs until 
replacement is economically justifiable. 
The amount of decrease varies with dif¬ 
ferent phosphors. Fluorescent lamps un¬ 
der average conditions are expected to 
bum longer than filament lamps and to 
have a lumen maintenance comparable 
to that of vacuum type filament lamps. 

Another quite different type of renew¬ 
able low-voltage fluorescent lamp has 
been developed concurrently by T. E. 
Foulke of Hoboken, New Jersey. The 
lamp development here reported has been 
the joint work of many participants, 
Special acknowledgment for all meas¬ 
urements on spectral energies is due 
B. T. Barnes of this laboratory. 
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Graphical Field-Plotting Methods 
in Engineering 

By HILLEL PORITSKY 

NONMEMBER AIEE 


If, therefore, we consider the equipoten- 
tials and flux lines 

u « Uq + m8 t v » o 0 + nl (12) 

where m t n are integers and 8 a small con¬ 
stant, then between adjacent curves 
Au — Av — 8, and from (9) follows 

An = As (13) 


1. Introduction 

I T IS THE OBJECT of this paper to 
exhibit the great range of problems, 
often very difficult analytically, which 
can be solved with comparative ease by 
graphical means. The paper is based on 
several lectures presented to the electrical 
and mechanical sections of the advanced 
course in engineering of the General 
Electric Company. Due to lack of space 
the theory will be presented rather 
briefly, though enough of it will be in¬ 
cluded to make the treatment complete. 
Some of the solutions presented axe be¬ 
lieved to be new. 


the “flux” crossing C and is the integral 
of the normal component of the field over 
C. With the lower end point of C held 
fast and the upper one varying arbitrarily 
the integrals (2), (3) define two true 
point functions v, u; v is the potential, 
u the flux function. In terms of u, v 
the field components X, Y are given by 


X 


bv 
to ' 


Y 


bv 

by 



bu 

bx 


(4) 

( 5 ) 


The conditions on the field leading to the 
independence of the integrals (2), (3) 
of the path of integration are 


2. The Laplace Equation and the 
Small-Square Field Plots 


The most familiar examples of field 
plotting are in connection with solutions 
of the Laplace equation: 


b*v 

d * 2 + by 2 


( 1 ) 


o 

n 

feu 

i 

feU 

(«) 

bX .bY 

—-F = 0 

to by 

(7) 


respectively. From (4) and (7) is de¬ 
duced (1), while from (5) and (6) follows 
that i* is also harmonic: 


whose solutions are known as “harmonic” 
functions. This equation as well as its 
three-dimensional analogue has a wide 
range of application, applying equally 
well to gravitational, electrostatic, and 
magnetic fields in homogeneous media, 
outside of the region of attracting masses, 
charges, poles, and electric currents, re¬ 
spectively. These fields are character¬ 
ized by the possession of a scalar poten¬ 
tial and by conservation of flux. In the 
two-dimensional case, if X, Y are the 
field components, these properties are 
expressed by the fact that the two curve 
integrals 




FJs =» -J Xdx + Ydy 
Xdy — Ydx 


( 2 ) 

( 3 ) 


are independent of the path of integration 
C, depending only on the end points. 
The first expression is the integral of the 
tangential component of the field and rep¬ 
resents the work done in moving a unit 
active material (unit mass, charge, pole) 
along C; the second integral represents 


bhi b*u 
to 2 by 2 


= 0 


(») 


From (4), (5) follows that u, v satisfy the 
“Cauchy-Riemann” equations 

bu ^ bv bu ^ bv ^ 

to by * by to 


Solutions of these are known as “con¬ 
jugate harmonic” functions. 

From their definitions is seen that the 
equipotentials v = constant are every¬ 
where perpendicular to the field, while the 
curves u = constant are everywhere 
tangent to it and thus reduce to lines of 
force. 

By picking Cin (2) along a line of force, 
then along an equipotential in (3) one 
obtains from (2), (3) 


r-Z-g. do) 

bn bs 

where F is the field strength Vx 2 + F 2 , 
and dn, ds are the dements of length 
normal to and parallel to the equipoten¬ 
tials, respectivdy. Hence, approxi- 
matdy, for small Au, Av 


F « 


Av Au 

— as • •- 

An As 


( 11 ) 


that is the curves (12) break up the plane 
into small squares. This is tie basis of 
the familiar field-plotting methods used 
in this case. 

While powerful analytical methods are 
available for the solution of Laplace’s 
equation, many problems arise for which 
the graphical methods are the only con¬ 
venient ones. Often the analytical solu¬ 
tions are suited only to special simple 
boundaries; the graphical ones, on the 
other hand, apply with equal facility to 
all kinds of boundaries. 

In the applications to gravitation, 
dectrostaties, and magnetism, the exist¬ 
ence of a scalar potential and the con¬ 
servation of flux can be inferred directly 
from the inverse square law; in case of 
magnetic fidds due to dectric currents, 
indirectly, by the use of dipoles. There 
are cases where other reasons must be 
advanced for the applicability of (1). 
Thus in the flow of an ideal, incompress¬ 
ible fluid, with X, Y denoting the velocity 
components, the conservation of flux 
obviously expresses the conditions for 
conservation of fluid mass. (The name 
“flux,” in fact, owes its origin to the 
anal ogy to flow of a fluid.) The existence 
of the scalar potential, however—the 
vdocity potential—was at first purdy 
postulated but later it was proved by the 
circulation theorem of Kelvin and Helm¬ 
holtz, though its violation by actual fluids 
was not explained fully till comparatively 
recently. 

In conduction of currents in thin 
plates, if X, Y denote the components of 
current-flow density across section per¬ 
pendicular to the axes, the flux condition 
is again obvious, due to conservation of 
dectricity. If V is the dectric potential 
at any point, then by Ohm’s law, 


X 




(14) 


where k is the conductivity and i the plate 

Paper number 38-59, recommended by the AIEE 
committee on basic sciences and presented at the 
AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Essential substance of this 
paper previously presented at a conference on field 
problems held during the 1937 AIEE summer con¬ 
vention, Milwaukee, Wis., June 21-25. Manu¬ 
script submitted March 27, 1937; made available 
for preprinting May 12, 1938. 

ttttt.ht. Poritsky is employed in the engineering 
general department of the General Electric Com¬ 
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thickness. For uniform k and t, v may be 
identified with kt V and equation 1 is 
obtained. For nonuniform k or / or both, 
(14) combined with (7) leads to 

=R<«> 

A somewhat unrelated application of 
( 1 ) is in connection with small displace- 



Figure 1. Field of a charged grid consisting of 
circular rings 


area obtained by revolving ds about the 
axis is 

du = 2 icr Hds 
so that 


From (17), (18) one readily derives (16). 

Fields of axial symmetry are obviously 
equivalent to conduction problems for 
thin plates whose thickness varies as the 
distance from a fixed line or edge. By 
reference to (15) it will be seen that the 
potential satisfies not ( 1 ) but 



The flux function of such fields is some¬ 
times referred to as the Stokes function. 


ments of flexible membranes initially 
stretched to a constant tension in a plane, 
then deflected slightly by normal dis¬ 
placements of edges. If v is the normal 
deflection, its derivatives bv/bx, bv/by are 
shown to be proportional to the normal 
components of tension across sections 
parallel to the axes, while ( 1 ) follows from 
the equilibrium of the forces acting on an 
element. 

3. Axially Symmetric Fields 

We consider next axially symmetric 
fields possessing a scalar potential v 
and conservation of flux. If r, 0, z are 
cylindrical co-ordinates, v depends on r 
and z but is independent of 0. The as¬ 
pect of the field in one half plane through 
the axis of symmetry (say, the plane 
0 ~ 0 in which the re-axis lies) is sufficient 
for specifying the whole field. 

In such a half plane consider the equi¬ 
potentials for which the potential v 
differs again by the same constant 
amount of Aw,* also pick lines of force 
such that when revolved about the axis 
of symmetry they yield tubes of flux, 
each enclosing the same amount of flux 
A it. The equipotentials and flux lines 
now break up the half plane into rec¬ 
tangles whose sides An, As are no longer 
equal to each other, but have a ratio 
varying as r, the distance from the axis, 



Figure 2. Solenoid in air 


Plots of fields of axial symmetry are 
more difficult to make than two-dimen¬ 
sional small-square plots. In making 
such a plot it is convenient to mark a dis¬ 
tance from the axis at which kr is taken 
as one so that the rectangles reduce to 
squares. At double the distance the 
rectangles will then have their sides in 
the ratio two to one, and so forth. Right 
near the axis, due to the vanishing of r, 
it is convenient to drop the rule (16) and 
replace it by the requirement that suc¬ 
cessive flux lines are at distances from the 
axis in ratio 

1: 2 1/a : 3 1 /*:... (20) 

This result is obtained by considering a 
uniform field parallel to the axis and suc¬ 
cessive cylindrical shells enclosing equal 


thus 


~ - kr. 
As 


k ** 


2ttAv 
A u 


W amounts of flux A u. 


equipotentials become parallel to the axis 
and at distances varying in geometric 
series. If the field approaches that of a 
point charge on the axis of symmetry, the 
equipotentials become circular while the 
lines of flux approach those radial lines 
that correspond to colatitude angles 0 
for which cos 12 increases by constant 
amounts. In case of solenoids with air 
core or iron core the field at infinity is 
like that of a dipole for which 

v = constant X cos ti/R 2 , _ 

R = VV S + (21) 

This is also the aspect of the field at in¬ 
finity for a condenser of axial symmetry 
with equal positive and negative charges. 

Figure 1 represents the field near a grid 
consisting of equidistant concentric rings; 
figure 2 the field of a solenoid with air 
core; figure 3 that of a solenoid on an 
iron core (jtt = °°). The inductances 
can be readily found from the plot and 
check reasonably with measured values 
and tables. 


4. Plane Fields in Current-Carrying 
Regions—the Poisson Equation 


Inside current-carrying regions the 
magnetic field fails to possess a scalar 
potential, retaining, however, the con¬ 
stancy of flux property. This is tied up 
with the fact that the “work-integral” 
SF s ds is dependent upon the path of 
integration. For the two-dimensional 
case equations 2, 4, 6 are now discarded, 
while (3), (5), (7) still apply. Equation 
6 , in fact, is replaced by the relation 


bY _ bX 
bx by 


( 22 ) 


where i is the density of the current (ex- 



As usual, if there are no finite boun- 

Indeed, the field strength H is given by daries, there are conditions ‘‘at infinity” tending indefinitely in the direction of the 

d» to consider at the boundary of the plot. 2 -axis) and X, Y the components of the 

H " in (W) These vary with the nature of the prob- nagnetic field. This relation is obtained 

, lem. If the field becomes perpendicular by carrying a unit pole around an element 

while the flux crossing the element of to the axis and uniform (see figure 1 ), the of area dxdy and equating the work done 
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to 4 t times the current enclosed. Sub¬ 
stituting from (5) one obtains 


corresponding to infinitely permeable 
iron. In such cases then uz must be 
chosen from the boundary condition 


V\ and v% f and the conditions (25), (26) 
by the constancy of v\ + 02 along each 
iron boundaries. 


+ _4« 

bx* by 2 


(23) 


This now replaces Laplace’s equation 8. 

In electrostatic or gravitational prob¬ 
lems, within regions occupied by charges 
or attracting masses, the scalar potential 
still exists, but the flux constancy is 
modified so that an equation similar to 
(23), known as Poisson’s equation re¬ 
sults for the potential. 

Technically of interest is the case 
where i is constant over rectangular 
regions and zero elsewhere. Rules have 
been given for plotting solutions of (23) 
but they are by no means simple, and the 
procedure is quite complex. A method 
based on superposition will now be out¬ 
lined. 

This method is based upon the fact 
that equation 23 is linear in u but not 
homogeneous. Any particular solution 
u of (23) can be written as 

u — Ui + (24) 


where Ui is any other solution of (23) and 
Uz is a solution of the homogeneous 
(Laplace) equation (8). In many cases 
convenient particular solutions of (23) 
are available in analytical form. The 
correcting Uz plot, since it satisfies La¬ 
place’s equation is of the small curvi¬ 
linear square type. Now the desired 
solution u must satisfy certain boundary 
conditions; the special solution U\ will 
in general fail to satisfy these conditions. 



Thus Ui must be such as to correct for 
this fact in orderthat « * % + ^ does 
fulfill these boundary conditions. 

Quite of ten the boundary conditions 
are such that 
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bUj ^ bui ( 2 < 5 ) 

bn bn 

This condition may be replaced by a con¬ 
dition for i> 2 , the conjugate harmonic of 
whose tangential derivative may thus 
be found from (26). From this tangential 
derivative v% itself may be found by in¬ 
tegration, This is more convenient than 

(26). . 

The addition of the u u values is 
carried out graphically by drawing diago¬ 
nals of the small parallelograms formed 
by the curves U\ = constant, Uz = con¬ 
stant, drawn for equidistant right-hand 
constants. This is indicated in figure 6 
in which the. plot of the field in a two-pole 
machine with field coil is shown. Figure 



5. Torsion of Shafts of 
Constant Cross Section— 

Viscous Flow in Pipes 

Poisson’s equation with a constant 
right-hand member also occurs in elas¬ 
ticity in the problem of torsion of shafts 



Figure 6. Two-polc nwchine-^nel field plot 


(or prisms) of constant cross section. 
Let t be the twist or rotation per unit 
length of the axis. Choosing the latter 
as the z-axis the displacement compo¬ 
nents are given by 


w « t y ) ) 

Here the first two equations represent a 


4 gives the Wi-plot which in this case is 
picked so as to depend on one co-ordinate 
only (x) and so as to vanish outside the 
current-carrying region. Figure 5 indi¬ 
cates the correcting ^ 2 -plot along with its 
conjugate harmonic Vz. 

The example just described is a very 
simple one because the coil is backed on 
three sides by iron. In general cases the 
current carrying regions are removed 
from the iron boundaries. In such cases 
ui may be taken as the flux function cor¬ 
responding to a rectangular conductor in 
free space. An analytic solution of this 
is available and plots for certain cases 
may be found in the literature. (See 
“Graphical Determination of Magnetic 
Fields,” by A. R, Stevenson and R. H. 
Park, G. J5. Review , February-March, 
1928.) Figures 7 and 8 show the Ui and 
the complete u — ui -h plots for the 
case of a coil in a rectangular slot. In 
applying (26) both u x and Uz are replaced 
by their conjugate harmonic potentials 


rotation of magnitude tz about the z-axis, 
while the last one assumes a warping of 
cross section proportional to t but in¬ 
dependent of z. Substituting in the 
equations of elastic equilibrium (G = 
shear modulus, <r - Poisson’s ratio) 


+ ^ + (*,*,») + 
1 / 1 A y 

1 -2<r W by* bzj 


ther e follows that <j> is harmonic. The 
various strain components are seen to 
vanish except for the shears in the xz- 
and ys-planes. Hence all the stress com¬ 
ponents vanish except for X, and Y t . 
Solving for these one obtains 
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Figure 7. Coil in rectangular slot—prelimi¬ 
nary plot (field of coil in air) 



Figure 8. Coil in rectangular slot—final field 
plot 


If ^ is the conjugate harmonic function of 
<f> } the above become 


(-2H 


(32) 


Y z - Gt 


and introducing 

*-*-£(**+?*) 

X 9 -Gt — , Y z = -Gt^ 
oy bx 

Comparing with (5) one concludes that 
Gt is a “flux function” for the vector 
X Zi Y z . The latter represents the stress 
vector across a shaft section, so that this 
vector is tangent to the curves = con¬ 
stant and in magnitude is equal to the 
gradient of 'P. On this account is 
called the “stress function.” Since \p is 
harmonic it follows from (31) that ^ 
satisfies the Poisson equation 

— 4 - 

bx 2 by 1 ^ 


(33) 


Along the boundary of the shaft section 
the shear vector must be tangent to the 
boundary curve, since any normal shear 
component would also show tip as a 
shear across the shaft boundary, whereas 
that boundary is, of course, free from 
stress (see figure 9). Hence ''P is constant 
along the boundary, and (for simply con¬ 
nected regions) could be taken as equal to 
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zero there. It follows then that ^ could 
be taken as equal to y 2 (x 2 + y 2 ) over the 
boundary. Once T is determined, the 
stress distribution is known, and its 
resultant and moment or torque may be 
determined. The former vanishes while 
the latter is given by 


**//* 


dx dy 


(34) 


so that the stiffness constant of the shaft 
per unit length of axis is given by 


Q/t = 2 G 




dxdy 


(35) 


The graphical method outlined in the 
preceding section can be applied very 
nicely toward the solution of (33). A 
convenient particular solution is = 
—x 2 , or, what is suggested by the analysis, 
— (x 2 + y 2 )/2 . The complemen¬ 

tary harmonic function ^2 then takes on 
values equal to —''Pi along the boundary. 
Figures 10, 11 indicate and P for the 
problem of torsion of a propeller blade, 
while figures 12 and 13 show the similar 
plots for a shaft of rectangular cross sec¬ 
tion. 

A soap film analogy for solving the tor¬ 
sion problem experimentally has been 
widely utilized. This analogy springs 



from the fact that the normal deflection 
w of a loaded stretched membrane satis¬ 
fies the equation 


bhv b*w p 

dx 2 by 2 * T 


(36) 


where p is the pressure and T the tension. 
It is believed that the graphical method 
above outlined is far more convenient and 
less time-consuming than the soap film 
method. 

The laminar (non-turbulent) flow of an 
incompressible viscous fluid in a pipe of 


arbitrary but uniform cross section can 
also be reduced to a similar Poisson equa¬ 
tion. The hydrodynamic equations, in 
absence of acceleration and external 
forces, are 

(*P &P\ m 

\bx* by* bz ) 

l b* b 2 b 2 \ 

H^ + ^ + &tO ( “ , b,w) (3?) 

where jj, is the coefficient of viscosity, p 
the pressure, and u, v, w are the com¬ 
ponents of velocity. Placing the tube 
axis along the s-axis, so that u, v vanish 
while w reduces to a function of x, y only, 
one obtains from (37) 


bhv ^ b^w _ 1 ^ bp 

bx 2 by 2 ft bz 


(38) 


Since the pressure gradient is constant 
both across the pipe section and along the 
axis, the right-hand side of (38) is truly 
constant. The analogy to the above 
problems is obvious, and the same graphi¬ 
cal methods are applicable. In fact, 
figure 11, 13 may be considered to yield 
velocity profiles for the flow in channels 
of the shape given by the boundary, 
while the torsional shear and torque turn 
out to be analogous to the viscous shear 
and total flow. 

6. Torsion of Shafts of Circular 
but Variable Cross Section 

In the preceding section the shaft 
cross section was arbitrary, but had to be 
constant along the shaft; the state of 
stress, likewise, was assumed to be the 
same at all cross sections. For axial 
symmetry the problem of torsion can be 
also solved for variable section and vary¬ 
ing stress distribution across different 
sections. 

Using cylindrical co-ordinates (r, 0, z) 
it is now proper to assume that the de¬ 
flection consists of a displacement 

v = v (r,z)j (39) 

where j is the unit vector in direction of 
increasing 0. This amounts to assuming 
that circles having the axis of symmetry 
for their axis are displaced into them- 
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Figure 10. Torsion of propeller blade—complementary plot 



Figure 11. Torsion of propeller blade—plot of stress function 
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selves by undergoing an angular deflec- plate sections (per unit perimeter) are 
tion proportional to 


to a* v/r 


(40) r\ba/br), f 3 ( b<o/bz) (46) 


Substituting (39) in the elasticity equa- and hence to 

tions (28) written perferably in vector ^ ( 47 ) 

form 


G [ v!p + r^2 v(v ' 0) ] (41) 

one finds that the divergence V >v 
vanishes, (this is also obvious from the 
nature of the displacement) and hence 


V 2 i> 


/ b 2 t 1 d , 5* , 1 d 2 \ 

+ r br + 6s* + r* be*) ^ 

I _l| ( 42 ) 

L br 2 dr r bz 2 r 2 J 

The resulting equation in v may be 
written thus: 

<«> 


Comparing (43) with (15) we conclude 
that the angular deflection a> — v/r 
satisfies the same equation as the po¬ 
tential in a conduction problem in a thin 
plate whose thickness varies as r 3 , the 
cube of the distance from the shaft axis. 

Computation of the (strains and) 
stresses yields 

*—(5-7> <«> 

and shows that all the other stress com¬ 
ponents vanish. Putting (44) in the 
form 


It is possible to introduce a flux function 
u such that u = constant results in the 
flow lines. Moreover, the surface of 
rotation obtained by rotating a flow line 
around the axis of symmetry in the origi¬ 
nal shaft has no stresses transmitted 
across it. Hence the boundary of the 
shaft itself corresponds to a flow line 
except where the traction is applied, 
while if a shell bounded by two such sur¬ 
faces is cut out, it will presumably hold 
itself in equilibrium by means of the 
tractions over its ends. The increase in 
the flux function between two successive 
flow lines, it is readily shown from (47), 
is equal to the torque or moment of the 
shearing stresses acting across a section of 
the corresponding shell. 

While the analogy to a conduction 
problem can be utilized for determining 
the stresses in actual cases, it can also be 
used for deriving a rule of field plotting. 
A proof similar to that of section 3 shows 
that for the conduction problem in a 



pr$ dco pBz 

rG br 9 rG bz 


Figure 13. Torsion of shaft of rectangular 
(45) section—plot of stress function 


one concludes that in the analogy be¬ 
tween the torsion problem and conduction 
problem the vector (p T e/ V, PoJ r ) cor¬ 
responds to the voltage gradient and 
hence to the vector of current density 
per unit area of the plate section, while 
the direction of the resultant shear across 
a plane 6 = constant is the same as the 
direction of the current flow. The cur¬ 
rent components I T , I z across complete 



Figure 12. Torsion of shaft of rectangular 
section—complementary plot 


plate of varying thickness, t, the curves 
u = th + m(Au), v “ Vo + n(Au) cut 
the figure into rectangles such that 
An/As vary as t. Thus in the present 
case the lines of equal angular deflection 
<0 and lines of shear divide the shaft 
section into rectangles such that 

(48) 

As 

A plot of the stress problem of a short 
circular shaft with the torque applied by 
mean s of infinitely stiff wheels near the 
ends is shown in figure 14. 

7. Other Problems Reducible to 
Field-Plotting Methods 

Without going into detail we discuss 
briefly in this concluding section other 
problems capable of graphical treatment. 


Fields possessing flux conservation and 
a potential v which varies as cos n$ yield 
a Laplace equation 7^ = 0 the form 


d 2 ® 1 bv , n 2 

--- v =* 0 

dr 2 r br bz 2 r 2 


(49) 


For n — 0 these fields reduce, of course, 
to the case of axial symmetry. For 



Figure 14. Torsion of short circular shaft 

n « 1 (49) will be recognized as equiva¬ 
lent to (42). Thus the graphical method 
of torsion of a circular shaft applies in 
this case. Fields varying as cos 6 ap¬ 
proximate the fields at the end of two- 
pole machines. Similarly any value of 
n can be shown to be reducible to a con¬ 
duction problem in a strip of proper 
thickness. 

Two dimensional fields in regions with 
continuously varying dielectric constant 
€ or permeability ju can be reduced to 
graphical rules analogous to those for 
conduction problems in plates of variable 
thickness. Abrupt variations of € or ju 
across boundaries reduce to certain 
“refraction” rules, whereby small squares 
on one side become rectangles of a defi¬ 
nite ratio of sides on the other side. 

Eddy-current problems can sometimes 
be reduced to graphical methods, though, 
in general, the rules are far too compli¬ 
cated to be useful. Similar remarks 
apply to wave propagation and radiation 
fields. 

In sections 5 and 6 several elasticity 
problems were reduced to the Poisson 
and (vector) Laplace equations, and 
graphical methods were obtained for 
them based on these equations. An¬ 
other problem in elasticity which admits of 
a similar treatment is the exact problem 
of bending of a cantilever of any cross 
section by means of a terminal load. 
This problem is generally treated by the 
approximate methods of beam theory 
which do not allow the precise determina¬ 
tion of the shear distribution. However, 
an exact treatment is possible in terms of 
a harmonic “bending function” x satisfy¬ 
ing a proper boundary condition (Love, 
“Elasticity,” chapter XV, section 229). 
The determination of x can be carried out 
graphically in a manner somewhat similar 
to that of section 5. 

The reduction of several elasticity 
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problems to the Laplace equation is, 
however, somewhat exceptional. In 
general, elasticity problems reduce to the 
repeated Laplace equation whose two- 
dimensional forjn is 

(i 

f b 4 5 4 .d 4 \ 

(a* 4 + 2 a** fry* + by*) F = 0 

Thus in plane stress the Airy's function 
satisfies (50). 

The solution of this can be expressed in 
several ways in terms of two harmonic 
functions u u for instance thus 

F = xui + U 2 ( 51 ) 

so that the stress determination can be 
reduced to the construction of two plots 
of the small-square type, one for u\ and 
the other for u 2 . However, when the 
boundary conditions utilizing the applied 
tractions are expressed , in terms of «i and 
« 2 they turn out to be of a complicated 
nature which renders the above graphical 
method rather difficult to apply in its 
present form. However, for a partial 
solution of the plane stress problem the 
small-square plot is useful in determining 
the sum of the principal stresses in terms 
of its boundary values (this is harmonic), 
and for simplifying a complicated bound¬ 
ary into a simpler one without at the 
same time unduly complicating the 
transformation of (50). 

In conclusion the author gratefully 
acknowledges the help of Walter C. 
Johnson, of the advanced course, for 
assistance in the preparation of the dia¬ 
grams. He further expresses his appre¬ 
ciation to the Institute for the privilege of 
presenting this discussion. 
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By C. CONCORDIA 

MEMBER AIEE 

I T IS believed that many worth-while 
savings and improvements can be ob¬ 
tained by considering more carefully than 
has been done in the past, what consti¬ 
tutes rational turbine-generator stability 
requirements. Keeping this objective in 
view, this paper reviews and analyzes the 
steady-state stability characteristics of 
turbine generators taking the effects of 
saturation into account. 

The need for such an analysis has be¬ 
come particularly important with the 
recent trend toward 3,600-rpm units of 
large capacity. With the development 
of such units, the designer is forced in the 
direction of reducing the weight of the 
rotor per kilovolt-ampere in order to 
keep the length and diameter within rea¬ 
sonable limits. However, the reduction 
in weight of the rotor tends to reduce the 
short-circuit ratio, which has long been 
used as a measure of the stability char¬ 
acteristics. Naturally, neither the de¬ 
signer nor the operator care to relinquish 
any necessary inherent stability, but on 
the other hand the mechanical stresses 
cannot, safely, be materially increased. 
The determination of the stability char¬ 
acteristics which may reasonably be ex¬ 
pected from a machine, and the validity of 
short-circuit ratio as a criterion for steady- 
state stability, were considered sufficiently 
important questions to justify making 
an analysis. 

The steady-state stability character¬ 
istics are by far the most important from 
a design standpoint. The transient char¬ 
acteristics are always comparatively good 
because of the inherently low transient 
reactance of the generator and the com¬ 
paratively high inertia of the rotating 
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element. The noncondensing turbine 
and its generator is an exception in the 
latter respect in that its effective inertia is 
considerably less than that of a condens¬ 
ing turbine and its generator, being com¬ 
parable to that of a water wheel with its 
generator. However, the transient char¬ 
acteristics are in most cases determined 
largely by the fault clearing times and 
station and system design, and are only 
slightly affected by the machine char¬ 
acteristics. 

Although this paper deals primarily 
with the turbine generator or cylindrical- 
rotor type of generator, the results also 
apply in general to the water-wheel or 
salient-pole generator. 

Previous analyses 1 ” 4 6 * * * * have shown the 
effects of voltage regulators, machine re¬ 
actances, types of load, and in an ap¬ 
proximate manner, saturation, on the 
stability characteristics. More recently 
the effects of saturation on machine per¬ 
formance, particularly methods of an¬ 
alyzing these effects, have been given 
considerable study. 6,6,9 ” 12 Along with 
this development, tests and analyses have 
been carried out so as to obtain a more 
accurate conception of the effect of satura¬ 
tion on leakage and Potier reactance. 13 ” 16 
It seems desirable, therefore, at this time 
to present quantitative data on the effect 
of saturation on generator performance. 

Short-Circuit Ratio 

Short-circuit ratio depends upon the 
synchronous reactance and no-load nor¬ 
mal-voltage saturation. Since the satura¬ 
tion at no load is normally small, short- 
circuit ratio thus depends almost en¬ 
tirely on the synchronous reactance of 
the generator and is an indication of the' 
size of the machine. It has been found 
in practice that machines of high short- 
circuit ratio are in general inherently more 
stable than machines of low short-circuit 
ratio, particularly when these generators 
are operated with manual or very slow 
control of excitation. Slow response may 
often exist at light load on a machine 


The authors wish to acknowledge the co-operation 
and many helpful suggestions of M. A. Savage of 
the General Electric Company and S. B. Farnham 
of the same company for his assistance in making 
many of the calculations. 
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paper. 


which has a self-excited exciter while at 
full load the response will be more rapid. 

It is necessary that a manually con¬ 
trolled generator be able, to carry, with 
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no of field, excitation, the load 

changes to which it may be subjected 
following a system disturbance. To do 
this, the machine should have a high 
short-circuit ratio, since short-circuit 
ratio and field excitation are practically 
the only machine characteristics which 
determine the pull-out power. Under 
these conditions pull-out occurs with the 
generator attempting to carry a high 
kilowatt load with low excitation, re¬ 
sulting in leading terminal power factor 
or low tenninal voltage or both, with 
consequent low saturation in the machine. 
Since short-circuit ratio is, in effect, de¬ 
termined by synchronous reactance modi¬ 
fied by no-load normal-voltage satura¬ 
tion, it provides a fair measure of the 
relative stability characteristics of ma¬ 
chines operating under manual control of 
field excitation. 

However, even in this case, short-cir¬ 
cuit ratio has its limitations because the 
field excitation for a given load condition 
is a function of the load saturation for 
that load. Therefore, two machines 
which have identical short-circuit ratios 
but different load saturations can pick up 
different increments of load from the same 
initial loading without loss of synchron¬ 
ism, the machine having the largest 
load saturation being able to pick up the 
greatest amount of load. 

There are two advantages in having a 
machine of high short-circuit ratio which 
are worthy of mention. First, under 
some conditions of operation, particularly 
light kilowatt load, a turbine generator 
may be operated underexcited in order 
to hold the voltage at its terminals down 
to normal. Under these conditions the 
amount of corrective kilovolt-amperes 
which the generator is able to supply to 
the system for a given kilowatt load is a 
function of the short-circuit ratio as there 
is little or no saturation existing in the 
machine. Also, the line charging ca¬ 
pacity of a machine is determined prin¬ 
cipally by its synchronous reactance, 
which is approximately specified by the 
short-circuit ratio. On the other hand, 
a generator of high short-circuit ratio is 
an expensive machine, tending to have 
inherently greater losses and higher short- 
, circuit current. These disadvantages in 
many cases outweigh the advantage of 
having greater reactive corrective capa¬ 
city at light loads. 

Voltage Regulators 

For machines that are operated with 
voltage regulators and exciters of mod¬ 
erate response and that are not required 
to’operate appreciably underexcited, the 


need for machines of high short-circuit 
ratio has been in many cases greatly over¬ 
emphasized. Furthermore, short-circuit 
ratio is not a true criterion for the relative 
stability characteristics of machines op¬ 
erating with voltage regulators. The 
use of generator voltage regulators with 
pilot-excited exciters has become in¬ 
creasingly more general, particularly for 
new machines. This makes possible a 
more economical design, in that the 
regulator is allowed to take its proper 
share of responsibility in maintaining the 
stability of the system, a responsibility 
which can now be confidently assigned to 
the modern regulator and exciter. By 
shifting part of the responsibility for 
maintaining synchronism onto the exci¬ 
tation system, it is possible to build a 
generator of reduced weight and size, 
having inherently lower stresses, and 
higher efficiency. 

The function of the regulator, as used 
in this discussion, is to make changes in 
field excitation so as to maintain terminal 
or system voltage following load changes, 
as distinguished from the operation of a 
regulator which is capable of maintaining 
stability under the condition of “dynamic 
stability.” A regulator capable of mak¬ 
ing continual and sufficiently rapid 
changes in field excitation is able to main¬ 
tain the stability of a generator above the 
ordinary static stability limits which are 
discussed in this paper. However, such 
operation is not considered here. 

There are a few systems, those which 
serve large metropolitan areas, which 
depend upon manual control of the exci¬ 
tation system. For these systems there 
has been a.feeling in the past that ma¬ 
chines of around unity short-circuit 
ratio should be used. This was based on 
experiences involving the loss of an ap¬ 
preciable amount of generation due to a 
fault or interruption of an interconnec¬ 
tion, with subsequent increase of load 
on the remaining machines. The ma¬ 
chines which before the disturbance were 
operating at light load would attempt to 
pick up the largest increment of load. It 
was found that if these initially lightly 
loaded machines had low short-circuit 
ratios, they were more apt to lose syn¬ 
chronism. This, of course, aggravated 
the disturbance and naturally resulted in 
a strong preference for machines of high 
short-circuit ratio. 

Disturbances of this type can in general 
be successfully handled by automatic 
voltage regulators. Also, it is believed 
that by proper system design and con¬ 
nection of generating capacity relative 
to the load areas, the amount of load that 
must be picked up in any given area may 


be made comparable to the generating 
capacity in that area. This not only aids 
in riding through disturbances resulting 
in the breaking up of the system into sec¬ 
tions, but also allows a more economical 
utilization of generating facilities in that 
the required amount of spinning reserve 
is reduced, and the machines may there¬ 
fore be operated more nearly at theii 
most economical loading. It is believed 
that if these factors are given proper con¬ 
sideration, along with the fact that a high- 
short-dreuit-ratio machine is a more ex¬ 
pensive generator, there will be little rea¬ 
son for going to short-circuit ratios higher 
than 0.8 for a generator feeding directly 
into a metropolitan area. 

For those machines provided with volt¬ 
age regulators which are located rela¬ 
tively dose to their load and have loads 
of inherently stable characteristics, such 
as lighting, rectifier, and converter load, 
little attention need be paid to the sta¬ 
bility characteristics. In fact, it is re¬ 
ported that loads of this type are being 
successfully carried in Europe by ma¬ 
chines with short-circuit ratios as low as 
0.4, while in the United States machines 
having short-circuit ratios of 0.6 are op¬ 
erating satisfactorily. For generators 
located relatively distant from their loads 
or which have a large proportion of syn¬ 
chronous motor load, the stability char¬ 
acteristics are of importance. For these 
cases in which stability is an important 
factor, short-circuit ratio should not be 
used as an indication of the relative sta¬ 
bility since pull-out occurs under a con¬ 
dition of higher saturation than that 
corresponding to no-load normal-volt¬ 
age saturation. 

Stability Criterion 

It has been realized for some time that 
short-circuit ratio does not properly indi¬ 
cate the stability characteristics of a 
generator which has means of increasing 
the fidd exdtation corresponding to 
changes in kilowatt load, and that other 
factors enter into the determination of 
the rdative stability characteristics. To 
specify the stability characteristics more 
completely, another quantity, saturation 
factor, is used in addition to short-circuit 
ratio; short-circuit ratio depending upon 
the synchronous reactance and no-load 
saturation, and saturation factor on the 
slope of the open-dreuit saturation curve 
at no-load normal voltage. 

Short-circuit ratio and saturation fac¬ 
tor depend upon the no-load saturation 
characteristics. In reference d, satura¬ 
tion factor was used in an approximate 
criterion for determining the minimum 
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Figure 1. Turbine-generator saturation characteristics 

Short-circuit ratio = 0.66 xa *= 1.64 xi « 0.15 



Figure 2. Turbine-generator saturation characteristics 

Short-circuit ratio = 0.85 xa = 1.29 xi - 0.13 


short-circuit ratio. However, with the 
more general use of voltage regulators, it 
has become evident that, instead of the 
no-load saturation characteristics, the 
load saturation characteristics should be 
used, as it is the latter which determine 
the pull-out under load. The factors 
which determine the stability character¬ 
istics under load are the synchronous 
and leakage reactances, the amount of 
load saturation, and the rate of change 
of saturation under load. All these fac¬ 
tors should be weighted if a single quan¬ 
tity for determining the stability char¬ 
acteristics of alternators under load is to 
be obtained. An investigation 5 revealed 
that the weighting to be given these fac¬ 
tors depended not only on the load the 
machine was carrying but also upon the 
system and type of load connected to its 
terminals. 

However, this previous investigation 
did suggest an approximate value of aver¬ 
age equivalent reactance for turbine 
generators operating under load at nor¬ 
mal power factors connected to a system 
through impedance which included all of 
the above machine factors. This cri¬ 
terion is given by the formula* 

x a — x t 

’--’• + ivT+W <» 

which can be determined approximately 
from the no-load saturation curve as 
shown by figure 18. In this paper are 
presented the results of calculations 
which show that this criterion does in 
general give, with fair accuracy, the ap¬ 
proximate stability limits, and is con¬ 
servative. A method of testing for this 
reactance using a zero-power-factor volt- 
ampere characteristic, as well as a method 
for its approximate calculation from the 
open-circuit saturation curve, are pre¬ 
sented in appendices C and D } respec¬ 
tively. 

* See nomenclature for definition of symbols. 
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Results of Analysis 

An analysis of the steady-state stability 
characteristics of turbine generators is 
presented under the following five divi¬ 
sions. 

A. Synchronous load without generator 
voltage regulators 

B. Synchronous load with generator volt¬ 
age regulators 

C. Induction motor load with generator 
voltage regulators 

D. Equivalent reactance for synchronous 
load 

E. Equivalent reactance for induction 
motor load 

A. Synchronous Load Without 
Generator Voltage Regulator 

In studying the stability characteristics 
of turbine generators, it was considered 
advisable to consider the case in which 
the generator is provided with a voltage 
regulator of modern design such that it 
can successfully follow the load changes 
to which the generator is subjected, and 
also the case in which the generator ex¬ 
citation is under manual control. Re¬ 
sults obtained from these two divisions 
of the study, i. e., synchronous load with¬ 
out regulators and synchronous load with 


regulators, should indicate therefore the 
maximum benefit to be obtained by the 
use of a voltage regulator. Slow re¬ 
sponse or sluggish excitation systems 
would be intermediate between these two 
limits. 

The first division of the analysis to be 
discussed is synchronous load without 
generator voltage regulators. This part 
of the analysis was made by determining 
the maximum amount of power that a 
generator could deliver to an infinite bus 
through a given amount of external re¬ 
actance, starting from different initial 
load conditions. The external reactance 
may be taken as representing a power 
system or a synchronous motor load. 

Figures 4 and 5 show the maximum 
load that can be carried for three ma¬ 
chines having short-drcuit ratios of 0.66, 
0.85, and 1.03 for varying amounts of 
initial load, with zero external reactance 
x e = 0. The excitation for these ma¬ 
chines was. held constant corresponding 
to that required for the initial load at the 
power factor indicated on the figure 
(0.8 for figure 4 and 1.0 for figure 5). The 
characteristics, including the load satura¬ 
tion curves, necessary for determining 
these limits are given on figures 1, 2, 
and 3. 


Figure 3. Turbine- 
generator saturation 
characteristics 

Short-circuit ratio « 
1.03 

xa = 1.09 
xi « 0.11 
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Figure 4. Steady-state power limits of tur¬ 
bine generators with excitation fixed at 
values corresponding to indicated initial 
load at 0.8 power factor and 1.0 initial 
terminal voltage 

Saturation characteristics shown on figures 
1, 2, and 3. Generator connected directly 
to infinite bus 


In tliis analysis, the same machine 
reactances and load saturation curves 
for a machine of given short-circuit ratio 
were used for two cases: 

(a) When the initial load was 0.8 power fac¬ 
tor, and 

( b ) When it was 1.0 power factor. 
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Figure 5. Steady-state power limit* of tur- 
bine generator* with excitation fixed at 
value* corresponding to indicated n 
load at 1.0 power factor and 1.0 initial 
terminal voltage 

Saturation characteristics shown on^figures 1, 
2, and 3. Generator connected directly to 
infinite bus 
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Since the saturation characteristics were 
obtained from machines having a normal 
rating of 0.8 power factor, the stability 
characteristics for 1.0 power factor cor¬ 
respond to the condition of an 0.8-power- 
factor machine operating at 1.0 power 
factor. However, results obtained for 
these machines operating at 1.0 power 
factor can be interpreted as applying to 
machines designed for 1.0-power-factor 
operation, except that for the same 
kilovolt-ampere load the 1.0-power-factor 
machines studied in this paper have 
less load saturation than the correspond¬ 
ing 0.8-power-factor machines. The 
method of determining the limits is given 
in appendix A . 

It will be noted that for the case of 0.8 
power factor and zero external reactance, 
as given by figure 4, with zero initial load 
and an excitation corresponding to normal 
voltage, the 66 per cent short-circuit- 
ratio machine is able to pick up approxi¬ 
mately 66 per cent load, the 85 per cent 
short-circuit-ratio m a ch i ne 85 per cent 
load, and the 103 per cent short-circuit- 
ratio machine 103 per cent load. These 
are loads in per cent of the kilovolt-am¬ 
pere base. 

With an excitation corresponding to 
normal-voltage no load the ratio of the 
per unit field excitation to the synchro¬ 
nous reactance is the short-circuit ratio. 
Therefore if the terminal voltage is unity, 
pull-out occurs at a load equal to the 
short-circuit ratio on the basis that no 
saturation exists at pull-out, which is 
practically the case. As the initial load is 
increased the increment of load which 
can be picked up is decreased, while the 
total load which the generator can de¬ 
liver without change of excitation is in¬ 


creased, because of the greater amount 
of excitation present. Since these cal¬ 
culations were made under the condition 
of zero external reactance, normal volt¬ 
age being maintained at the terminals 
of the machine, figures 4 and 5 indicate 
the upper limit of power that can be car¬ 
ried on the basis of fixed field excitation. 
That is, if the voltage at the terminals 
were allowed to drop, the maximum 
amount of power that the machine could 
deliver would be decreased. Accordingly, 
if it is desired to pick up normal load 
on a unit without a voltage regulator, 
which is initially only lightly loaded, 
short-circuit ratios of the order of unity 
or greater would be required. 

Figure 5 is for the same conditions as 
figure 4 except the generator load is 
initially at 1.0 power factor rather than 
0.8. Under these conditions the load 
that can be picked up from a zero initial 
load is the same as that for the 0.8-power- 
factor case, while for higher loads the in¬ 
crement of load and the total load which 
can be delivered at the initial constant 
excitation are less than for 0.8 power 
factor. 

Subsequent to a system disturbance, a 
generator may be required to pick up a 
load equal or corresponding to that with 
all steam valves wide open and therefore 
may be expected to carry loads equal to 
or greater than its kilovolt-ampere rating. 
It is apparent from figures 4 and 5 that 
the ability of a machine to do this is in¬ 
creased with increase in short-circuit ra¬ 
tio, and also this ability is increased if the 
initial load is a lagging-power-factor load 
rather than a unity or leading-power- 
factor load. These results are borne out 
in practice by operating instructions 



6. Steady-state power limits of tar- 
generators with excitation fixed at 
coire*ponding to indicated initial 
at 0.8 power factor and 1.0 initial 
terminal voltage 

tion characteristics shown on figure 1, 
J O connected to infinite 



Figure .7. Steady-state power limit* of tur¬ 
bine generators with excitation *j 

values corre*ponding to indicated initial 
load at 1.0 power factor and 1.0 initial 
terminal voltage 

Saturation characteristics shown on fisures 1, 
2, and 3. Generator connected to infinite 
bus through reactance xe = 0.5 
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Figure 8. Maximum permiaible synchronous 
reactance x d for stability as a function of 
saturation factor k when generator is con¬ 
nected through unit external reactance to an 
infinite bus and is delivering rated current at 
unit terminal voltage 


to a motor load or connected remote from 
a load, short-circuit ratios greater than 
unity would be required in order that the 
machines be able to pick up full load from 
an initially lightly loaded condition un¬ 
less, of course, the machines are provided 
with voltage regulators or operated over¬ 
excited at the light loads. It is interest¬ 
ing to note that figures 6 and 7 for the 
higher initial loadings show only small 
differences in the total power that can 
be carried for the different short-circuit 
ratios. 

B. Synchronous Load With 
Generator Voltage Regulators 


that require for machines under mamiql 
control of field excitation that the field 
current on a generator shall at no time 
be reduced to such an extent as to operate 
a machine leading, in the underexdted 
direction. These results also indicate 
the desirability from a stability stand¬ 
point, when machines of different short- 
circuit ratios are used under manual 
control, of having operating instructions 
such that the relative field currents of the 
machines are determined on the basis of 
their short-circuit ratios and their rela¬ 
tive kilowatt loadings as well as upon 
other considerations. 

The curves indicate the desirability 
of operating the lightly loaded units of a 
station at relatively lower lagging power 
factors, as these are the units which may 
be required to pick up the largest incre¬ 
ments of load subsequent to a system dis¬ 
turbance and may therefore be the most 
likely ones to pull out of step. If these 


Under this section, the case in which 
the generators are provided with voltage 
regulators and delivering power through 
an external reactance to a point of main¬ 
tained voltage is studied. The generator 
excitation system is assumed to be such 
that pull-out occurs with normal voltage 
at the terminals of the machine. In 
order to show the effect of power factor 



Figure 9. Steady-state power limits of tur¬ 
bine generators with various short-circuit 
ratios operating at normal terminal voltage 
and 0.8 power factor 


can be operated at lower power factors, 
the limits as shown on figures 4 and 5 do 
not necessarily apply for the lightly 
loaded condition. However, such over¬ 
excited operation of the lightly loaded 
unit may not always be possible at light 
loads, particularly if the system has an 
appreciable amount of line or cable.ca¬ 
pacitance loading. If the generators 
are operated with voltage regulators 
these problems are of course largely elimi¬ 
nated. 

Figures 6 and 7 are similar to figures 
4 and 5 except that they are for the con¬ 
dition of 0,5 external reactance and there¬ 
fore correspond to a machine remote 
electrically from its load or connected to a 
synchronous motor load which can be rep¬ 
resented by this amount of external re- 


Saturatfon characteristics shown on figures 1, 
2, and 3 

on pull-out it was considered advisable 
to plot the stability limit for the condi¬ 
tions of machines pulling out of step at 
0.8 and 1.0 power factor. Actually, of 
course, following a system disturbance, 
the power factor on a machine is depend¬ 
ent on many factors and may not neces¬ 
sarily correspond to that for normal con¬ 
ditions before the disturbance occurred. 
However, in general, machines located 
relatively close to their loads will operate 
at lagging power factors while machines 
located remote electrically from their 
loads or having large proportions of syn¬ 
chronous motor loads will operate closer 
to unity power factor. 


actance. It should be noted that in this 
case the amount of load which can be 
picked up for a given initial load is con¬ 
siderably reduced and that die difference 
between the three short-circuit ratios 
studied is greatly reduced. This indi¬ 
cates that for generators delivering power 


The effect of generator saturation on 
the stability limit when the generator is 
connected to synchronous load or to a 
large power system through a reactance 
tie is shown in figure 8. The full curves 
show the maximum permissible genera¬ 
tor synchronous reactance for stability as 


a function of the saturation factor k, for 
0.8 lag and 1.0 power factor at the gener¬ 
ator terminals, when the generator is 
delivering full load (i = 1.0) to an in¬ 
finite bus through 1.0 per unit reactance. 
Since k for normal machines may lie be¬ 
tween 1.1 and 1.25 at full load, the per¬ 
missible synchronous reactance lies be¬ 
tween 1.45 and 2.05 per unit for unity 
power factor and between 1.65 and 
2.45 per unit for 0.8 lag power factor. 
If the effect of saturation were neglected 
the error would be considerable as the 
maximum permissible synchronous re¬ 
actance indicated would then be only 1.0 
per unit. 

An analysis was made of the stability 
characteristics of three machines of the 
same rating having synchronous react¬ 
ances of 1.64, 1.29, and 1.09 (corre¬ 
sponding to short circuit ratios of 0.66, 
0.85, and 1.03, respectively) and having, 
when operating at 0.8 power factor, ap¬ 
proximately the same degree of satura¬ 
tion under load. When these machines 
are,operated at unity power factor the 
amount of load saturation is greatly 
reduced. The saturation characteristics 
for these three machines are given on 
figures 1, 2, and 3, respectively. These 
characteristics are drawn in a manner 
similar to that used in reference 5. The 
dotted curve in each of these figures is 
the open-circuit saturation curve. 

Figure 9 shows the steady-state power 
limit of these three machines as a function 
of the external reactance. This external 
reactance is the reactance between the 
generator terminals and a point of main¬ 
tained voltage, which may, therefore, 
represent either a large system or the 
voltage back of an impedance repre¬ 
senting a synchronous motor load. (See 
appendix A for method used in deter¬ 
mining limits.) The conditions for op¬ 
eration were taken as normal voltage 
(1.0), normal power factor (0.8). The 
full lines indicate the limiting value of 
kilowatt load for a given external re- 



Figure 10. Steady-slate power limits of 
turbine generators with various short-circuit 
ratios operating at normal terminal voltage 
and 1.0 power factor 

Saturation characteristics shovyn on figures 1 , 
2/ and 3 
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actance for each of the three machines. 
It will be noted that for this case of ma¬ 
chines operating under the condition 
of 0.8 terminal power factor at pull out, 
there is very little difference in the power 
limi t with change in synchronous react¬ 
ance. The dotted lines correspond to 
the condition when saturation is neg¬ 
lected, the power limit being then deter¬ 
mined by synchronous reactance. This 
would be comparable to the limit deter¬ 
mined by short-circuit ratio. 

Following a system disturbance the 
output of the generator may be increased 
to a load corresponding to the condition 
with all steam valves wide open, which 
may be five to ten per cent above the 
kilowatt rating, or as high as the kilovolt¬ 
ampere rating of the generator, depending 
upon the turbine design. (A possible ex¬ 
ception is the case of a topping unit which 
may be subjected, subsequent to a dis¬ 
turbance, to low back pressure resulting 
in high turbine torque and high electrical 
output. This, however, is an unusual 
type of disturbance which can usually be 
adequately taken care of in the design of 
the steam system and control.) Ac¬ 
cordingly, the limiting values of external 
reactance, x e , for purposes of discussion 
may be considered at the condition of 
P = 1.0 in figure 9, corresponding to a 
kilowatt load equal to the kilovolt-am¬ 
pere rating. For this, load the permis¬ 
sible value of external reactance varies 
less than ten per cent for the three ma¬ 
chines studied. Therefore, for all prac¬ 
tical purposes there is no appreciable dif¬ 
ference between the stability of a 1.03 or 
a 0.66 short-circuit-ratio machine if pull¬ 
out occurs at normal voltage and 0.8 
power factor. 

Figure 10 presents the results of a set 
of calculations similar to that given in 
figure 9, except that the machine pulls 
out under the condition of 1.0 power 
factor instead of 0.8 power factor. It 
will be noted that at unity power factor 
there is a greater difference in the sta¬ 
bility limits of the three machines for a 
given external reactance, x 6) than for the 


case of pull-out at 0.8 power factor. Also 
the effect of saturation is greater even 
though the degree of saturation is less. 
This indicates that a greater increase in 
power limit can be obtained for a given 
decrease in generator reactance, if the 
machine operates at unity power factor 
near the pull-out point. Since machines 
which are located relatively distant from 
their loads operate at higher power fac¬ 
tors, these results present additional 
evidence that these machines are, in 
general, the ones which should be given 
the most consideration from a stability 
standpoint. 

During or subsequent to a disturbance 
which may result in instability the ter¬ 
minal voltage usually tends to be lower 
than normal. This means, therefore, 
that with a good excitation system of 
moderate response and ample ceiling, 
the power factor at the generator termi¬ 
nals after the major electrical transients 
have disappeared will usually be lagging 
even though the machine may operate at 
unity power factor under normal load 
conditions. Accordingly, it can be ex¬ 
pected that under these conditions of 
lagging power factor and high excitation 
the effect of change in synchronous re¬ 
actance or short-circuit ratio will not be 
as great as indicated by figure 10 but will 
tend to be more nearly like figure 9. 

The results shown in figure 9 are for 
machines which were designed with com¬ 
parable efficiencies and about the same 
degree of load saturation at 0.8 power 
factor load. Figure 10 is for the same 
machines studied in figure 9 except they 
are operated at 1.0 power factor and there¬ 
fore have comparatively small saturation. 

C. Induction Motor Load With 

Generator Voltage Regulators 

The effect of generator saturation and 
reactance on the stability characteristics 
when the generator is connected to an 
induction, motor load was studied for 
two conditions; one, when the induction 
motor load was connected directly to the 
terminals of the generator, and another 



Figure 12. Average relation between satura¬ 
tion factors used in calculation of induction 
motor stability limits shown on figure 13 


when it was connected through line and 
transformer impedance: The full curve 
of figure 13 shows the maximum per¬ 
missible synchronous reactance for sta¬ 
bility as a function of the saturation fac¬ 
tor k } when a generator is directly con¬ 
nected to an induction motor delivering 
full load at constant shaft torque. (Ap¬ 
pendix B describes the method of calcula¬ 
tion.) In calculating the results shown 
in this figure an approximate relation 
between k and a/b, figure 12, was used. 
The relation between k and a/b given in 
figure 12 is an average arrived at from 
several different machine designs. The 
induction motor characteristics used in 
the calculations are shown in figure 13. 
As normal values of k vary from 1.10 to 
1.25 at full load the permissible syn¬ 
chronous reactance may vary from 2.00 
to 3.00. As seen from this curve, if 
conclusions were based on neglecting the 
effect of saturation considerable error 
would be obtained, as the maximum per¬ 
missible synchronous reactance would 
appear to be only 1.30. 

Another set of calculations was made 
to deter min e the per cent direct-connected 
induction-motor overload that could 
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Figure 11. Equiva¬ 
lent reactance for a 
turbine generator 
operating at normal 
terminal voltage and 
0.8 power factor 

Saturation character¬ 
istics shown on fig¬ 
ure 5/ reference 5 
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be carried by each of the three different 
generators having synchronous reactances 
of 1.09, 1.29, and 1.64. The results of 
these calculations indicated that kilowatt 
loads in excess of 200 per cent of generator 
rating could be carried by any of the three 
machines without loss of synchronism. 
This indicated the inherently stable char¬ 
acteristics of induction motor loads when 
connected directly to the terminals of a 
turbine generator having a voltage regu¬ 
lator or dose manual control. 

Next, on the bads of induction motor 
loads equal to the rating of the generators, 


737 
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k, SATURATION FACTOR 


Figure 13. Maximum permissible syn¬ 
chronous reactance of generator for stability 
as a function of saturation factor k 

Generator directly connected to an in¬ 
duction motor which is delivering full load 
with constant shaft torque (P — 0.89 in per 
unit) 

the maximum permissible amounts of 
impedance (viewed from the generator 
end of the line) for stability between the 
generator and the motor terminals were 
determined. The equivalent induction 
motor was taken as fully loaded. Volt¬ 
age was taken as normal at the generator 
and motor terminals, a transformer hav¬ 
ing the required turn ratio to accomplish 
this being assumed in the line. The re¬ 
sults are shown in figure 14 for the condi- 
t on of rjx e = 0 and 0.5, which covers the 
usual range of these quantities met in 
practice. As seen from these results 
there is not a great difference in permis¬ 
sible impedance with change in generator 
reactance. There would be still less dif¬ 
ference if the induction motor represent¬ 
ing the load was taken to be operating at 
partial load, which conforms more closely 
to the case met in practice for a composite 
group of motors. 

D. Equivalent Reactance 
for Synchronous Load 

From the results of reference 5 the fol¬ 
lowing information was obtained. 

(c) No single reactance can be used to 
represent exactly a synchronous generator 


under steady-state conditions even for a 
given set of load conditions. The equivalent 
reactance to be used depends on the con¬ 
nected or external system as well as on the 
machine reactances and saturation charac¬ 
teristics. 

(b) In order to obtain a true equivalent 
reactance which gives the correct angular 
displacement as well as the correct current 
and voltage response, it is necessary to use 
two reactances. 6 However, for all practical 
purposes, for determining the effect of the 
machine on the system and for determining 
the stability limit, the machine can be repre¬ 
sented by one equivalent reactance which 
gives the same voltage and current response 
at its terminals as the actual machine for 
small changes. 

(c) It was found that the range of this re¬ 
actance which gives the correct current and 
voltage response is from 

.. _ , x a - *i 

x eq - »i 4--- (2) 

to 

Xeq = H-jr- 

k [ 1+ f) 

depending upon whether it is a synchronous 
generator or condenser and what external 
system and load is connected to it. 

(d) It was recommended that for purposes 
of approximately determining the stability 
characteristics of turbine generators a value 

x d - x t 

■ * + TVi + ./t 

be used, which is an average between the 
two limiting values mentioned in (c) and 
which gives reasonably correct results. 

(e) For a particular machine 6 the range 
that this equivalent reactance may take is 
shown on figure 11. The values of equiva¬ 
lent reactance which determine the pull-out 
power were found to be between that given 
by equation 1 and equation 3, with equation 
3 indicating quite definitely the lower limit 
of equivalent reactance. 

With this as a starting point for fur¬ 
ther investigation, approximate stability 
limits were determined at rated kilowatt 
load using equations 1 and 3. The re¬ 
sults of some of these calculations are 
shown by the small circles and vertical 
lines on figures 9 and 10. The reactance 
data, values of equivalent reactance, and 


the maximum permissible external react¬ 
ance for stability at rated load for these 
machines are given in table I. These 
results, as well as other calculations not 
shown in the paper, bear out the previous 
conclusion that the value of equivalent 
reactance determining the pull-out lies 
between that given by equations 1 and 3. 

Calculations were also made for the 
case when the ratio of the external resist¬ 
ance to the external reactance was 
equal to 0.5 ( r e /x e = 0.5). For this 
condition the actual power limit still 
remained between that given by equa¬ 
tions 1 and 3 but was in general closer 
to that given by equation 1 than for the 
corresponding case when resistance was 
neglected. 

For accurate calculation of pull-out, it 
is not necessarily recommended that equa¬ 
tion 1 be used but that it be considered 



actance for stability as function of tie re¬ 
actance/ motor delivering full load at con¬ 
stant shaft torque (induction motor power = 
0.89 in per unit) 

Generator saturation characteristics shown on 
figures I, 2/and 3 

only for determining the approximate 
stability limits of turbine generators. 

A method of testing for this reactance 
using a zero-power volt-ampere char¬ 
acteristic is described in appendix C. As 
an approximation the value of this react¬ 
ance may be determined from the open- 
circuit saturation curve as described in 


Table I. Turbine Generator Reactance Data 


Item 

Power 

Factor 

Xd 


Short- 

Circuit 

Saturation 

Xoq Xeq 

Equation 1 Equation 3 

Equation 1 

Equation 3 

Xe, 

External Reactance* 

XI 

Ratio 

Characteristic 

Xd 


Exact 

Equation 1 

Equation 3 

1... 

2... 

3.. .. 

4.. .. 

5.. .. 

6.. .. 

....0.8. 

....0.8. 

...0.8. 

...1.0. 

,..1.0..... 

..1.09..'. 

.,1.29... 

..1.63... 

..1.09... 

..1.29... 

..1.03... 

...0.11,., 

...0.13... 

..,0.15... 

.i.0.11... 

..,0.13... 

...0.15... 

....1.03... 

....0.85... 

....0.00... 

....1.03.,. 

....0.85... 

...,0.00... 

... .Figure 3... 
... .Figured.. \ 
... .Figure 1.,. 

... .Figure 3.., 
.. . .Figure 2... 

... .Figure 1... 

-0.67... 

.,..0.78... 

.,..0.94... 

-0,79... 

....0.90,... 

20.,.. 

....0.50... 

....0.58.... 

...0.07..., 

...0.65.... 

...0.80.... 

...0.99.... 

...0.02.... 
...0.01,... 
.. .0.58.... 

...0.72_ 

...0.74. 

...0.74. 

...0.40. 

...0.45..... 

...0.41. 

...0.00. 

...0.62. 

,..0.61. 

..1.18. 
..1.14. 
..1.09. 
..1.38., 
..1.11.. 
. .0.85 .. 

.1.10... 

.1.00... 

.1.02... 

-1.25... 

.1.04.,. 

,....0.83... 

.,.1.18 

...1.10 
.. .1.54 
...1.26 
...1.01 

w . Ma3umum Permissible external reactance for stability at rated load. • ' -7--— 


738 


Concordia , Crary , Lyons—Generator Stability AIEE Transactions 














appendix D . This latter method does not 
take into account correctly the effect of 
load saturation and will result in slightly 
lower values of equivalent reactance 
than that given by the test described in 
appendix C, as the no-load saturation 
curve has a smaller slope than the satu¬ 
ration curves corresponding to constant 
field excitation. 

E. Equivalent Reactance 
for Induction Motor Load 

For the case of induction motor load, 
as for the case of synchronous load, equa¬ 
tions 1 and 3 were used to determine the 
approximate stability limit. The results 
of these calculations are given in figure 
13. It will be noted that, as for the case 
of synchronous load, the actual limit 
lies between that given by the two for¬ 
mulas. In the case of induction load, 
however, the actual limit lies much closer 
to that determined by equation 3 than 
by equation 1. These calculations in¬ 
dicate a value of equivalent reactance 
for induction motor loads which lies be¬ 
tween that given by equations 1 and 3, 
possibly: 



If it is desired to calculate the limit ac¬ 
curately, methods similar to that de¬ 
scribed in appendices A and B may be 
used, or possibly equation 4 used to obtain 
a check without a great deal of calcula¬ 
tion for the case of induction motor load. 

Conclusions 

From the results of this study the 
following general conclusions have been 
drawn. 

1. Saturation affects very appreciably the 
steady-state stability limits of a turbine 
generator and should not be neglected in a 
comparison of generator characteristics. 

2. For a generator not equipped with volt¬ 
age regulators, short-circuit ratio is an^ ap¬ 
proximate measure of the relative stability 
characteristics. 

3. A generator not equipped with a voltage 
regulator may require a short-circuit ratio of 
at least 1.0 if it is expected to pick up full 
load from an initially lightly loaded condi¬ 
tion with no change in excitation. 

4. A generator connected to a motor load 
or remote electrically from its load should 

be equipped with a voltage regulator; other¬ 
wise, the short-circuit ratio required in order 
that the generator be able to pick up full 
load from a lightly loaded condition with no 
change in field excitation is of such high 
order of magnitude that it becomes uneco¬ 
nomical to do without the regulator. 
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5. The reactance of a turbine generator 
operating at 0.8 power factor overexcited, 
and provided with a reliable voltage regu¬ 
lator and excitation system, does not in¬ 
fluence appreciably the static stability limits, 
and accordingly machines which are to 
operate under these conditions need not 
necessarily be built with particularly low 
reactance or high short-circuit ratio. 

6. The reactance of a turbine generator 
operating at 1.0 power factor near the static 
stability limit does have a considerable in¬ 
fluence on the static stability limit, and ac¬ 
cordingly machines which are known or are 
expected to operate under these conditions 
should be studied and, if necessary, the ma¬ 
chines built to have a low reactance. A 
study of such cases should make it possible 
to obtain the necessary stability in the most 
economical manner. 

7. The formula for equivalent reactance 

Xgq — /- 

kVl +a/b 

may be used to calculate the approximate 
stability limits of turbine generators which 
are equipped with voltage regulators. 

8. Induction motor load is considerably 
more stable than synchronous load and, ex¬ 
cept for unusual cases in which there is a 
large amount of line impedance, or when 
machines are not equipped with voltage 
regulators, does not constitute a stability 
limitation. Even for the case of a large line 
impedance the reactance of the generator 
is relatively unimportant. 

9. A study and rational evaluation of the 
stability requirements to be demanded of 
a generator for a particular job should be 
made in order to realize the maximum sav¬ 
ings in machine cost and improvement in 
system performance. 

Nomenclature 


Xq = equivalent reactance 

xi — leakage reactance 

x d =* direct-axis synchronous reactance 

0 = power-factor angle of machine (an¬ 

gle between e t and i) 

<f> — angle between e x and i 

8 mn = — 8 n =* electrical angular dis¬ 

placement between m and n 


Appendix A 

Calculation of Steady-State Stability 
Limits for Synchronous Load 

The following presents a method by which 
the synchronizing power coefficients dP/dh , 
and therefore the stability, may be deter¬ 
mined when a synchronous machine is con¬ 
nected to a point of maintained voltage e 6 
through an impedance Z B . This point of 
maintained voltage may correspond to a 
voltage representing that of a large system 
or to the voltage back of the equivalent 
reactance of a synchronous motor load, the 
impedance Z e being the total impedance 
from the generator terminals to the point 
of maintained voltage. 

In the following derivation it is assumed 
that the reader is familiar with the material 
in reference 5. The derivation given in 
this appendix is based on the same assump¬ 
tions as that given in reference 5, and as 
far as possible the same nomenclature has 
been used. 

Figure 15 is a steady-state vector diagram 
of a cylindrical-rotor synchronous generator 
with saturation and figure 16 is the corre¬ 
sponding equivalent circuit. From this 
equivalent circuit the following relations 
may be written for point / in a manner 
similar to that used in reference 7. 

P u -sin «« (5) 

X d — Xi 


All quantities are expressed in per unit 
on the machine normal kilovolt-ampere 
and voltage base. 

p mn *= real power from point m directed 
toward n 

Qmn ” reactive power from point m di¬ 
rected toward n. (Sign of Q mn is 
negative when the voltage at m is 
“overexcited” with respect to volt¬ 
age at n) 

t = — = ratio determined from 

b k d&i 

figure 18 

e e = system voltage 
e% » voltage corresponding to the air gap 
flux (behind leakage reactance) 
e t — terminal voltage of machine 
e d = voltage corresponding to direct-axis 
field magnetomotive force 
i = armature current 

iron m agnetomotive force 
* "* 1 ^ air gap magnetomotive force 

r a =* machine armature resistance 

Z e » external impedance 

r e external resistance 
Xe = external reactance 


ed 



Figure 15. Steady-state vector diagram of a 
cylindrical-rotor synchronous generator with 
saturation 



Figure 16. Equivalent circuit representing 
cylindrical-rotor synchronous generator with 
saturation 
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(13) 


(14) 


Equations 9 to 14 may be solved simul¬ 
taneously to determine 

dPu dQi e dd d i dSi e 

dei ' de t ’ dei ’ dT x ' 

Then it can be shown that, 


dPu 

dPu 


d8 d i 

dS u 


dPu dP te 


d& M dSi e 


dPu 


dP„ 

661 and^ = 

de x 

d&di 

dhe 

d8i e 

de% 


de x 


(15) 


dPu _ 
d6 de 

where, 

dju = 

d8 d i 


Equation 11 gives the synchronizing 
power coefficient corresponding to a point 
back of leakage reactance of the machine. 
If = 0, dPie/dboc > 0 for stability. 

If E 0 it is necessary to determine the 
synchronizing power coefficient at a point 
corresponding to a voltage back of Z e or 
( —dPa/dbie). To determine this the fol¬ 
lowing relations may be used. 


-Pei^Pto-itR 

740 


m 

(17) 


Differentiating 16 and 17 and solving 
simultaneously 


(7) 


dS u \ 


2 RP, 


'A^lS _ 


” - ej Y + ~jr cos ^ ~ “) ( g ) 

Differentiating these four equations, the 
following relations are obtained. 


e i 2 J d&i 9 
ZRQie dQ u , 2i 2 R dei ,- g v 
e x 2 dSi e e x d$i e 

Once equations 9 to 14 have been solved 
simultaneously all of the quantities required 
by equation 18 to determine the synchro¬ 
nizing power coefficient at point e are avail¬ 
able. For the system to be stable 


dPel 

dSla 


> 0 


(19) 


Appendix B 


Calculation of Steady-State Stability 
Limits for Induction Motor Load 

The following is a method by which the 
stability of an induction motor load may be 
determined including the saturation effects 
in the generator. Equations 13a and 14a 
of reference 7 give dPJdE a and dQ a /dE a 
in terms of the external system impedance 
and the constants of the induction motor 
load. 

Since 


dQa 

dE a 


. dQid 
de x 


dQJdE a can be substituted in equation 10 
of appendix A for dQu/dei and then this 
equation solved with equation 9 to obtain 
the expression 


dPu / e d 1 

—- _ — co t s dl J --- 

\ x d~- x i cos 8 di 

Pa _ 2ke x _ ?>k ) 

E a x d x i x d -Xi beij { 


dQa 

dEn 


If 


, dPid . dP a 

+ — > + -T=r the system is stable. 
aei cl Mi a 


Appendix C 

Method for Determining 
Equivalent Reactance From Test 

The following describes a method of 
testing for the equivalent reactance as given 
by 


xi -j- 


x d ~ x i 


( 21 ) 


based on a test zero power factor volt- 
ampere characteristic taken with constant 
field current corresponding to that neces¬ 
sary for normal rated load. 

In a manner as described by J. W. Butler 8 
a value of equivalent reactance. 


c , x d — Xi 

1 "" *' +- 

k 


( 22 ) 


corresponding to normal tuil-load flux con¬ 
ditions can be obtained by taking the slope 
of the volt-ampere characteristic at point P. 
(Figure 17.) 

Next a straight line tangent to this volt- 
ampere characteristic at zero armature 
voltage is drawn. This line corresponds to 
the unsaturated volt-ampere characteristic. 

Use can be made of the following relations, 
for the unsaturated characteristic, 

ei =* e d — i x x d (23) 

for the saturated characteristic, 

x d ~ 


e 2 


. e A 
‘ k 


f , x d ~ *i\ . 


( 2 *) 


Subtracting these two voltages for the 
condition when i x — ^ “ i- 


e\ — e 2 = Ae 


(k-1). 

—^— l<*d ~ { x d ~ x{)t] 
(25) 




From (26) 

k _ fa - fa - act)*] _ 

(«i — (x d — x{)i — Ae] e t — Ae 

where 

e t = e a - (x a - x,)i 
Substituting equation 26 in 22 

(xg ~ xi )(e ; - Ae) 


(26) 






(27) 


Substituting (26) and (27) in (21) and simpli¬ 
fying, 


x eq 


(28) 

Equation 28 is the desired expression for 


*«i-xi+V(Xd-xi)( eq. 1 


zero power factor volt ampere 
Sa^P^F I ? , . ST,C W,th NORMAL 
y RATED FULL LOAD FIELD CURRENT 


VOLTAGE CORRESPONDING 
TO THAT BEHIND LEAKAGE 
gSACTANCE UNDER NORMAL 
RATED^LOAD AND POWER 
FACTOR CONDITIONS 



( 1+ f) 
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CURVe AT 
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}yARMATURE CURRENT 

Figure 17. Method for determining tur 
bine-generator average equivalent reactano 
corresponding to normal rated load and pow* 
factor conditions from zero-power-factbr volt 
ampere characteristic 
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Figure 18. Graphical method for determin¬ 
ing average equivalent reactance correspond¬ 
ing to normal rated load and power factor 
conditions from open-circuit saturation curve 

, *d - xj 
■ x+ 
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stability upon generator saturation, load, 
line, and exciter characteristics, and also 
show how the effect of automatic voltage 
regulators renders the use of lower-short- 
circuit-ratio machines practicable. 

In this connection it may be mentioned 
that at present the short-circuit ratio called 
for in a majority of 3,600-rpm generator 
specifications is unity or better. It is not 
the writer's intention to imply that high 
short-circuit ratio may not, under circum¬ 
stances, be justifiable, but as designers and 
operators alike are interested in producing 
efficient economical machines, it may not be 
out of order to call attention to the fact that 
quite a number of large, important ma¬ 
chines with short-circuit ratios much below 
unity, have been in operation for years, 
under widely varying conditions, without 
introducing stability problems. As an ex¬ 
ample of this kind, may serve two large two- 
pole generators with short-circuit ratios of 
less than 0.6, which, for years, took the 
load swings incidental to parallel operation 
with gas-engine-driven generators on fluctu¬ 
ating steel-mill loads. Mention may also 


the equivalent reactance corresponding to 
equation 21, with c/d and Ae being obtained 
from the results (figure 17) of tests which 
can in many cases be made in the factory. 
The reactance is determined under the 
condition of the same fundamental air gap 
flux and field current as the machine has at 
normal rated full load. 


Appendix D 

Approximate Method for 

Determining Equivalent Reactance 

The saturation factors k and a/b entering 
into the determination of the equivalent 
reactance defined by equation 1 can be 
determined approximately from the open 
circuit saturation curve as shown in figure 
18. With these factors determined and 
knowing x a and xu all the necessary quanti¬ 
ties for substitution in equation 1 are avail¬ 
able. ei, the point on the saturation curve 
at which k and a/b are determined, corre¬ 
sponds to the voltage back of stator leakage 
reactance at rated load. If the leakage 
reactance xi is not available Potier reactance 
x v may be used. This will result in some¬ 
what larger saturation factors and therefore 
a lower value of Xeq. 


Beckwith. AIEE Transactions, volume 56, 
July 1937, pages 813-18. 
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Discussion 


Sterling Beckwith (Allis-Chalmers Manu¬ 
facturing Company, Milwaukee, Wis.): 
There has been need for a paper of just this 
type to present the designer's point of view 
to the operating engineers. To draw an 
analogue, the process of selecting a machine 
on the basis of short-circuit ratio only is 
like selecting a cooler on the basis of square 
feet of surface only without giving considera¬ 
tion to the effectiveness of the surface as 
determined by the size and shape of the 
fins, the air velocity over the surface, etc. 

One distinct disadvantage of high-short- 
circuit-ratio machines which is not suffi¬ 
ciently emphasized by the paper is that they 
have inherently lower transient and sub¬ 
transient reactances, thereby requiring the 
use of larger breakers and bus structures. 
On two-pole machines, especially, this is a 
disadvantage as normal values for these two 
reactances are of the order of 12 per cent 
and 7 per cent, respectively. 

In appendix !? the statement is made that 
use of X p instead of X t will result in some¬ 
what larger saturation factors and therefore 
a lower value of X n . This is not neces¬ 
sarily true at higher values of saturation or 

for slow speed machines, as may be seen by 
considering k and a/b to be very large, or 
by considering Xp .to be a large fraction o 

■ Xd- 

S. H. Mortensen (AUis-Chalmers Manu¬ 
facturing Company, Milwaukee, Wis.): 
The paper by Concordia, Crary, and Lyons 
is timely in its discussion of the generator 
short-circuit ratio and its relation to the 
operating stability. ,' v. , * . 

In general, a generator can be designed for 

any required short-circuit ratio, by ex P e ?!^’* 

ture of materials; but .where large, 3,600- 
rom machines are involved, short-circuit 
ratio may become the factor that determines 
the capacity for which this type of machine 
cad safely be built. ; , 

The authors bring out the dependence of 


be made of a four-pole 121,000-kva 60-cycle 
turbine generator which is giving excellent 
service on a large interconnected system, yet 
its short-circuit ratio is less than 0.65. 

Numerous other examples—both in the 
United States and abroad, of similar nature, 
could be quoted. 

The main factors determining generator 
short-circuit ratio are saturation, reactances, 
and air-gap length. Inherently high short- 
circuit ratios require low reactances and long 
air gaps, which result in expensive machines 
and switching equipment. The most eco¬ 
nomical machines, switches, and bus struc¬ 
tures are obtained with designs where re¬ 
actances are limited by generator heating, 
and the air-gap length by rotor stray loss. 
As the latter is a function of the peripheral 
rotor velocity and stator slot width, large 
3,600-rpm high-voltage machines with open 
stator slots prevent the use of short air gaps 
and limit the extent to which the designer 
can take advantage of low short-circuit 
ratios. This limitation applies less to ma¬ 
chines built with closed or semiclosed stator 
slots which, consequently, can be of lighter 
design. 

The maximum capacities for which 3,600- 
rpm mac hine s can be built are limited 
through a number of factors, such as char¬ 
acteristics of available rotor materials, 

. critical speeds, vibrations, high values of 
short-circuit ratios, etc. Most of the above 
factors are inherent but the elimination of 
the short-circuit ratio as a limiting factor, 
will tend to render available the full benefit 
of modem developments, such as hydrogen¬ 
cooling, and further extend the limits for 
the maxim um capacities for which 3,600- 
rpm turbo-generators can be built with 
reasonable mechanical factors of safety. 

In conclusion, the writer fully indorses 
the author's suggestion that the short-circuit 
ratio of 3,600-rpm machines should be based 
upon careful consideration of all operating 
requirements. 

G. C. Crossman (Consolidated Edison Com- 
pany of New York, Inc., New Yoik. 
N. Y.): The authors have shown that short- 
circuit ratio for generators not equipped 
with voltage regulators is an approximate 
measure of the relative steady-state stability 
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characteristics when supplying a syn¬ 
chronous motor load, and that with this 
type of load high short-circuit ratios are 
desirable for stability. However, they do 
not discuss this ratio as a measure of 
stability for generators not equipped with 
voltage regulators when supplying induction 
motor load. In large metropolitan systems, 
such as that of the Consolidated Edison 
Company, the generators are not equipped 
with voltage regulators and the motor load 
consists chiefly of induction motors with 
very little synchronous motor load. Since 
this induction motor load may be as high as 
70 per cent of the total system load during 
the day, the inherent generator steady- 
state stability when carrying this load be¬ 
comes of prime importance. 

When troubles on such a system involve 
the loss or field or tripping of a loaded gener¬ 
ator, the resulting voltage disturbance at 
the station in difficulty is very liable to be 
severe, particularly if this station separates 
from the rest of the system. Increase in 
load on the remaining generators will cause 
a considerable drop in bus voltage. An un¬ 
excited generator connected to the bus would 
depress the bus voltage very greatly. If the 
bus voltage drops initially to 75-80 per cent 
of normal, ‘Voltage instability” is very 
likely to occur. This results from stalling 
of induction motors with a consequent in¬ 
crease in current which further reduces the 
bus voltage. Under these conditions, the 
bus voltage may reach a minimum of 30-40 
per cent of normal before the stalled motors 
are disconnected from the system. At this 
low voltage the maintenance of synchronism 
between generators in the station becomes 
doubtful and if they pull out of step with 
each other, it may be necessary to shut down 
the station. 

These conditions may be avoided by the 
use of generators with high inherent sta¬ 
bility limits, a large spinning reserve of 
generator capacity, or generator voltage 
regulators. Since a large reserve is uneco¬ 
nomical and voltage regulators often un¬ 
desirable, many specifications for new 
generators have called for relatively high 
values of short-circuit ratio as a measure of 
high inherent generator stability. Studies 
of an actual case of “voltage instability” on 
the Brooklyn system several years ago indi¬ 
cated that unity-short-circuit-ratio machines 
would have materially improved the situa¬ 
tion and probably prevented the voltage 
collapse. Since short-circuit ratios up to 
unity could be obtained in new machines 
without involving undesirable performance 
characteristics or excessive cost, approxi¬ 
mately unity short-circuit ratio has been 
specified for many of the Consolidated Edi¬ 
son system generators purchased subse¬ 
quently. 

Although the authors did not discuss this 
type of generator stability, they did include 
in their paper a formula, number 4, for 
equivalent generator reactance with induc¬ 
tion motor load. The question then arises 
as to whether this reactance constitutes a 
better index of generator stability than the 
accepted short-circuit ratio. It would be 
interesting to know what conclusions the 
authors have reached on this problem. 


C. F* Wagner (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The question of the proper short- 


circuit ratio to specify for proposed ma¬ 
chines serving metropolitan districts is re¬ 
ceiving more and more attention. But 
while the problem is important it is also 
difficult of exact solution. The principal 
difficulty lies in setting up the proper cri¬ 
terion to determine whether the system is 
stable or unstable. The mere citation of the 
satisfactory operation of a machine which 
has, say, a short-circuit ratio of 0.6 in this 
city or that city, is not proof that machines 
of this character are satisfactory for general 
application in metropolitan districts. Sys¬ 
tem layout, external reactance, excitation 
systems, and the number of machines in 
parallel should all be considered in this 
problem. In the final analysis, successful 
system operation is the true criterion. Dur¬ 
ing the past we have accumulated consider¬ 
able data in the operation of systems upon 
which are installed machines of short-circuit 
ratio equal to 1.0. Until similar data are 
accumulated for machines with smaller 
short-circuit ratios, we should be cautious 
in the general adoption of such machines. 

Messrs. Concordia, Crary, and Lyons 
have considered only one aspect of the prob¬ 
lem, namely, a particular type of steady- 
state stability. This is a valuable contri¬ 
bution and represents a large amount of 
labor in calculating the results by the 
methods which they have used. The curves 
of figures 9 and 10 show the stability limits 
for a machine equipped with a voltage 
regulator connected through an external 
reactance to an infinite bus. For values of 
external reactance in excess of 0.5 or 0.6, 
the transient stability limits are usually 
of greater importance than steady-state 
stability limits. Therefore, the portion of 
the curves beyond these values of external 
reactance is of minor importance. For 
smaller values of external reactance the 
power limits are in excess of the ability 
of the steam turbines to deliver the 
power. The general conclusions from 
these considerations would indicate that 
this particular type of steady-state stability 
limit is not important in the choice of short- 
circuit ratio. While this might appear to be 
a negative result, still it is important to 
know. Aside from the conclusions to be 
drawn from the curves, the representation 
of the system by means of a generator, an 
external reactance, and an infinite bus is 
too crude an approximation for analytical 
purposes. This is particularly true when 
operating at leading power factor, the maxi¬ 
mum power conditions for which results in 
very large values of voltage at the infinite 
bus. 

From the cases of so-called instability in 
metropolitan systems, which have come to 
my attention, almost invariably the cause 
has been associated in some manner with 
the excitation system. The excitation of 
one machine in some cases, either inten¬ 
tionally or unintentionally, had been de¬ 
creased continuously to the point at which 
the machine was no longer able to deliver 
the power at the reduced excitation. Of 
course, a high short-circuit ratio would not 
in such case prevent pull-out but would 
only reduce the value to which the excita- . 
tion would have to decrease before pull-out 
occurred. For other cases, the excitation of 
a particular machine failed completely. 
The generator, for which the excitation 
failed, pulled out of synchronism with the 
remainder of the system and thus threw a 


considerable reactive power burden on the 
system. The question then is whether the 
system can withstand such a shock and de¬ 
mand. The larger the short-circuit ratio of 
the machine which has pulled out, the 
greater is the shock to the system. On the 
other hand, the larger the short-circuit ratio 
of the other machines the greater is their 
ability to weather the storm. Under these 
circumstances, the short-circuit ratio re¬ 
quired to satisfy the increased reactive 
power demand and still remain in syn¬ 
chronism is dependent upon the number of 
machines in parallel and the general layout 
of the system. This operating condition 
rather than the simplified steady-state 
stability condition would appear to consti¬ 
tute the more important criterion for the 
choice of short-circuit ratio. 


J. F. Calvert (Northwestern University, 
Evanston, Ill.): It is my understanding 
that the purpose of this paper is to further 
the study of lower-short-circuit-ratio gen¬ 
erators for steam plants in this country. In 
addition to the system stability problems, 
discussed in this paper, there are certain 
design features which must be given due 
consideration. There are quite a number of 
machines in this country built to operate 
at a short-circuit ratio of around 0.8. It 
is probable that in many designs this can 
be reduced to 0.65 or 0.7 without encounter¬ 
ing serious problems. However, if the short- 
circuit ratio is reduced appreciably below 
the latter values for steam turbine genera¬ 
tors, I would anticipate considerable diffi¬ 
culty with pole-face losses on no load as 
pointed out by one of the other discussers. 
This assumes that the open-type armature 
slot and form-wound coils, which are prac¬ 
tically universally used in this country, are 
to be continued. 

In addition to the pole-face loss on no 
load, I hope the authors will discuss the 
matter of load losses produced in the rotor 
surface due to currents flowing in the arma¬ 
ture conductors for turbine generators of 
low short-circuit ratio. I would like to 
know what limitations they feel would be 
encountered here, and if any methods have 
been devised recently for reducing this 
difficulty. It seems to me that this matter 
of pole-face losses under load conditions 
would be a particularly serious one in low- 
short-circuit-ratio generators where the 
machine is to carry a double-winding arma¬ 
ture and load unbalance between the two 
windings is to be permitted. A discussion 
of this point would also be appreciated. The 
matter of ventilation through the air gap 
may also become something of a problem. 

I am of the opinion that this study of 
lower-short-circuit-ratio generators is a 
particularly timely one and hope that the 
paper will bring out further discussion, not 
only from the point of view of the stability 
characteristics, but also from that of the 
design problems to be encountered in con¬ 
nection with such machines. 


L. A. Kilgore (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of this paper have shown 
that if one trusts the voltage regulator “to 
make changes in the excitation so as to main¬ 
tain terminal or system voltage following 
load changes,” then generators with much 
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lower than unity short-circuit ratio would 
seem to be adequate. This fact has been 
appreciated for a long time, but has not 
been made use of by operators because of 
their reluctance to rely on the regulator and 
excitation system. The authors have said 
very little about the regulator or the excita¬ 
tion system requirements. 

If in the future operators are to *'‘shift 
part of the responsibility for maintaining 
synchronism onto the excitation system/' 
then they must make sure that their excita¬ 
tion system has the following characteristics: 

1. The regulator must never stick or fail to func¬ 
tion. 

2. The regulator and exciter system must be suf¬ 
ficiently fast to follow within a few tenths of a second 
the changes in excitation required, otherwise one 
must calculate the transient effects introduced by 
the rate of response of the exciter and the lag of the 
voltage regulator. 

3. All of the regulators on the system must be co¬ 
ordinated so that they divide any increased reac¬ 
tive kilovolt-amperes properly, and increase their 
excitation suitably with increased kilowatt load. 
This is usually accomplished by giving the regu¬ 
lators a drooping characteristic. However, this 
gets away from the ideal assumptions on which the 
analysis in the paper was based. In a few cases, 
devices have been used which tend to increase the 
voltage with increased kilowatt load. 

4. The ceiling voltage of the exciter must be suf¬ 
ficient to take care of any demands, otherwise the 
machine cannot maintain its voltage under ab¬ 
normal conditions. 

The authors' analysis is based on pull-out 
occurring at rated load and power factor, 
and the approximate equivalent reactance 
proposed is also based on this assumption. 
Actually, null-out does not occur under 
these conditions even on a system equipped 
with voltage regulators. In most cases, 
loss of stability occurs under abnormal con¬ 
ditions, such as loss of field on one machine, 
loss of a tie line or other switching opera¬ 
tion, sudden increase in kilowatt load on a 
machine whose regulator has been adjusted 
to give low kilovolt-amperes at light load. 
Instability may also occur due to improper 
operation of the regulator. It may be argued 
that these are transient conditions or that 
the regulator should take care of them, but 
they may persist too long to be considered 
on a transient basis, and the regulator and 
excitation system may be inadequate or out 
of adjustment. It would seem that a de¬ 
tailed study of these cases should be made 
before applying machines of low short- 
circuit ratio. 

The authors propose to use an equivalent 
reactance in calculating the stability, and 
give an approximate value to be used as a 
criterion of the machine's stability which is 
intended to evaluate properly the effect of 
saturation. Equivalent reactance would ap¬ 
pear to be a very useful tool; however, it 
may be very misleading if improperly used. 
The equivalent reactance is intended to 
apply only to very small changes away from 
a given operating condition. It cannot be 
used in any simple manner to calculate the 
power margin with fixed excitation, since 
even if the power margin is only five per 
cent, the voltage will change considerably 
between the operating condition and the 
pull-out point and the equivalent reactance 
may increase as much as 60 per cent. 

The equivalent reactance is intended to 
give the same change in terminal conditions 
with fixed excitation as the actual machine. 
However, one must realize that there will 
not be one equivalent reactance for each 


operating condition, but a different one for 
each direction of change away from this 
operating point. For example, the equiva¬ 
lent reactance for changing load at constant 
voltage will show very little effect of satura¬ 
tion and may be 50 per cent greater than the 
value applying to the change at constant 
load. 

In the discussion of Mr. Beckwith's paper 
(reference 12 in this paper), I suggested 
that the equivalent reactance be limited to 
apply to changes at constant power only, 
since at pull-out the changes are at nearly 
constant power. This would simplify the 
concept and make it possible, at least theo¬ 
retically, to accurately determine the equiva¬ 
lent reactance at any given operating con¬ 
dition by the method given in Mr. Beck¬ 
with's paper (reference 2). 

A more practical approximate method 
based on the slope of the no-load satura¬ 
tion curve is given in the discussions by Mr. 
Beckwith and the writer on the first paper 
on equivalent reactance (reference 5). A 
slight modification of this method to deter¬ 
mine the reactance applying to changes at 
constant power for turbine generators may 
be written: 


X v + 


SjXg - Xp) 

COS <f> + (1 — COS <t>)S 


where X v is the Potier's reactance, S is 
the slope of the saturation curve on a per 
unit basis, and $ is the angle between the 
internal voltage and the voltage back of 
Potier’s reactance. 

It may be argued that Potier's reactance 
is somewhat empirical, but we have recently 
completed tests on turbine generators 
measuring the internal angle as well as 
terminal quantities over a wide range of loads 
and power factors, which show this empiri¬ 
cal method to be quite accurate. In fact, 
it would seem to be fully as accurate as 
the more complicated method proposed by 
the authors. These tests showed that the 
quadrature-axis reactance saturated much 
more than the direct-axis reactance, which 
explains why using the voltage back of 
Potier’s reactance rather than the direct- 
axis projection as a measure of saturation is 
a better approximation. 


C. Concordia, S. B. Craiy, and J. M. 
Lyons: In treating a subject of this nature, 
which must necessarily depend upon ex¬ 
perience as well as theory, the point of view 
of designers and operators is most valuable. 
All discussers, we believe, have indicated 
the importance of a careful review of the 
problem of short-circuit ratio in the light 
of present-day knowledge of system per¬ 
formance and generator design. 

Messrs. Mortensen and Beckwith point 
out that machines of low short-circuit ratio 
will develop less short-circuit current and 
consequently result in less bus and breaker 
short-circuit stresses than high-short-circuit- 
ratio machines. This point was not suffi¬ 
ciently emphasized in the paper and may 
be quite an important factor, particu¬ 
larly when considering 3,600-rpm units of 
large capacity, as their transient and sub¬ 
transient reactances are inherently qmte 
low. Since with the use of a voltage regu¬ 
lator a higher reactance machine may be 
justified from a stability standpoint, a re¬ 
duction in maximum short-circuit current is 


also obtained as an additional benefit. This 
will reduce the bus and breaker stresses and 
possibly allow for a certain amount of 
simplification in circuit arrangement to the 
extent of eliminating or reducing the amount 
of circuit reactors in the station bus. When 
the additional benefit of a reduction in 
maximum short-circuit current is considered 
along with improved stability and generator 
characteristics, it becomes increasingly dif¬ 
ficult to justify the exclusion of a voltage 
regulator, particularly for a new or proposed 
unit. At least, a rational approach to the 
problem will undoubtedly be well worth 
while rather than arbitrarily specifying a 
short-circuit ratio of unity or more. 

We agree with Mr. Beckwith that the 
statement in appendix D is incorrect when 
applied for the high values of k and a/b; 
that is, the use of X v instead of Xi does not 
necessarily result in lower values of Xeq. 
The statement in the appendix should be 
modified accordingly. 

Mr. Calvert raises the question as to the 
feasibility or desirability of reducing the 
short-circuit ratio below 0.65 or 0.7, because 
of design limitations. As Mr. Calvert 
points out, there exist design features which 
make it impractical to reduce the short- 
circuit ratio below a certain amount. These 
factors, of course, should be considered 
when designing a generator. However, it is 
not expected that short-circuit ratios of 
such low values as to result in high rotor 
losses will be used. Rather, a machine will 
be built that will give the best all round 
performance, determined by a rational study 
of both generator design and system per¬ 
formance instead of an arbitrary specifi¬ 
cation. We believe Mr. Mortensen has 
summed up very well the point of view of 
the designer that the important thing to be 
accomplished at this time is "the el imin ation 
of the short-circuit ratio as a limiting 
factor/' This will allow a more careful study 
and evaluation of the design factors which 
Mr. Calvert and Mr. Mortensen have 
pointed out as bearing on the problem. 

Mr. Crossman has pointed out that on 
their system they are concerned primarily 
with a metropolitan type of load consisting 
largely of induction motors connected to 
generators which are under manual control 
of excitation. Although this case was not 
considered specifically in the paper, it is 
believed the results presented and the con¬ 
clusions given apply fairly well to it also. 
Figures 4 and 5, which give the power limits 
for machines with fixed excitation con¬ 
nected directly to an infinite bus, give the 
upper limit of power which can be delivered 
under any condition of load. That is, under 
the conditions met in practice the te rmin a l 
voltage will tend to drop, resulting in lower 
limi ts for the machine than those repre¬ 
sented by figures 4 and 5. Although the 
load for Mr. Crossman's system is essenti¬ 
ally induction motors, the problem, we be¬ 
lieve, can be evaluated very well in terms of 
figures 4, 5, 6, and 7, given in the paper, 
for the first machine to pull out of syn¬ 
chronism with respect to the other machines 
of the system. When a disturbance takes 
place requiring additional load to be thrown 
on the remaining generators, the problem 
with which the operators are chiefly con¬ 
cerned is the ability of the remaining genera¬ 
tors to stay in synchronism with each other. 
If one of these units is operated initially at 
light load with low excitation, it will tend to 
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take a larger percentage of the load incre¬ 
ment and, because of its low initial excita¬ 
tion, will be the most likely to pull out of 
step. This first machine which tends to 
lose synchronism when operating in parallel 
with a large number of other machines is in¬ 
fluenced more by the characteristics of the 
other generators than by the characteristics 
of the load. We believe, therefore, that an 
indication of its ability to pick up load can 
be represented in a simple manner by 
operating into a certain amount of external 
reactance. As Mr. Wagner points out, it 
is more accurate to consider the actual 
system and individual machines operating 
in parallel. If this is done, a more accurate 
answer will, of course, be obtained for the 
individual case. However, we believe that 
the general results will not differ from those 
presented in the paper and that the same 
general conclusions would be obtained if 
such an analysis is made. 

It is not surprising that Mr. Crossman and 
his associates found that machines of high 
short-circuit ratio would be valuable if no 
voltage regulators were used. This conclu¬ 
sion corresponds with the results of our study. 
Equation 4, which Mr. Crossman asked 
about, does not apply in general for the 
case when no voltage regulators are used, 
and is meant to apply only for small changes 
around an operating point. This corre¬ 
sponds to the condition when a voltage 
regulator is used or when field changes are 
made manually to follow load changes 
closely. 

Mr. Kilgore points out the fact that if a 
lower-short-circuit-ratio machine is used a 
reliable excitation system is required. This 
is in accordance with our conclusions and, 
we believe, operators can justifiably place 
reliance on modem regulator and excitation 
systems. The problem is not nearly as 
serious as Mr. Kilgore indicates, as stability 
of a system is influenced by all of the 
machines on the system and, therefore, if 
one regulator or excitation system did not 
operate quite properly it is questionable 
whether the system performance would be 
seriously impaired. In regard to the use of 
equivalent reactance, it is intended that this 
be used only for determining the stability 
limits for machines equipped with voltage 
regulators, and is intended to apply only to 
small changes around an operating point. 
Mr. Kilgore indicates large variations in the 
value of equivalent reactance based upon the 
terminal conditions. Variations do exist 
and are dependent upon the connected sys¬ 
tem. However, these can be evaluated for 
any particular case and, as our studies have 
indicated, it is possible to use a value which 
is conservative but still evaluates the ef¬ 
fect of saturation to a greater extent than 
short circuit ratio. It is hoped that Mr. 
Kilgore will present his ideas and results of 
the tests which he has mentioned more com¬ 
pletely at some future time. 

Mr. Wagner questions the use of an ex¬ 
ternal reactance to represent a system. We 
believe that external reactance is probably 
one of the simplest, most practical methods 
of obtaining a comparison in generator char¬ 
acteristics. If a fault occurs on a system the 
generator or generators are, in effect, con¬ 
nected to the other sources of synchronous 
generation through an effectively higher 
reactance tie. Also, if the machine is operat- 
ing with leading power factor, another case 
which Mr. Wagner questions, the capacitive 
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Synopsis: This paper formulates the essen¬ 
tial properties of spherical waves in terms 
of familiar engineering concepts. The 
physical picture resulting from this point 
of view facilitates the solution of certain 
physical problems, notably those having to 
do with reflection, refraction, shielding and 
power absorption. 

T HE AIM of this paper is to formu¬ 
late the essential transmission prop¬ 
erties of spherical waves in terms of 
familiar engineering concepts. The chief 
advantages of this formulation are: (1) 
the subject of spherical waves is brought 
under the general heading of transmis¬ 
sion-line theory and the treatment of two 
apparently distinct subjects is co-ordi¬ 
nated, (2) the solution of certain shielding 
problems is greatly facilitated and the 
physical aspects of shielding are stressed. 
In the latter respect this paper is com¬ 
plementary to a previously published 1 
paper containing general formulas for 
shielding in terms of impedances, which, 
for spherical waves, are derived in this 
paper. 

On the mathematical side this paper is 
brief and limited largely to final results 
for two reasons. Firstly, the formal 
mathematical treatment of the wave 
equation in spherical co-ordinates may be 
found in almost any book dealing with 
partial differential equations of mathe¬ 
matical physics; besides, Bessel func- 


reactance representing the line charging 
capacity of the system can be paralleled 
with the actual system line and machine 
reactance to obtain an equivalent higher 
reactance which represents the receiving 
system. These methods have been known 
and used for many years by engineers calcu¬ 
lating stability characteristics. The voltage 
back of this effective or receiving system 
reactance is entirely a fictitious one and is 
used only in order to determine its effect on 
the generator under consideration. Mr. 
Wagner has questioned specifically the 
idealization which we have used when ap¬ 
plied to metropolitan systems and concludes 
that a more serious consideration regarding 
the relative short-circuit ratio is the loss 
or reduction of excitation on a particular 
unit. This, of course, corresponds to our 
conclusion 3, that a generator not equipped 
with a voltage regulator may require a high 
short-circuit ratio. We agree that it is 
advisable in any particular case to make a 
study of the system in order tq determine 
the stability requirements. It was not in- 
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tions, Legendre functions, and associated 
Legendre functions are incidental to our 
main purpose and, in practice, it is suf¬ 
ficient to know that these functions are 
tabulated. Secondly, the mathematical 
procedure for reducing Maxwell’s equa¬ 
tions to a particular form which is needed 
for our purposes is analogous to that em¬ 
ployed for a similar purpose in connec¬ 
tion with plane waves. 2 

Spherical Waves 

A spherical wave is defined as a wave 
whose equiphase surfaces form a family 
of concentric spheres. Their common 
center is the center of the wave . The rays 
are the radii emanating from this center. 

A wave is transverse magnetic if the 
magnetic intensity H is perpendicular to 
the ray and transverse electric if the elec¬ 
tric intensity E is so disposed. If both 
vectors, jE and H, are perpendicular to 
the ray, then the wave is transverse elec¬ 
tromagnetic . 

While we are concerned primarily with 
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tended that this paper be used directly for 
specifying the short-circuit ratio of ma¬ 
chines, but rather that it point the way in 
which improvements in system performance 
and machine characteristics, as well as re¬ 
duction in costs, can be realized. 

Mr. Wagner believes that lower-short- 
circuit-ratio machines should not be adopted 
until experience on actual systems is ac¬ 
cumulated with this type of machine. We 
believe this is highly desirable, but also 
believe that certain system conditions and 
the use of voltage regulators can justify a 
reduction in short-circuit ratio if this is 
desirable from a generator design and sys¬ 
tem standpoint./ We have attempted to 
show the possibility of improving system 
performance and inherent generator char¬ 
acteristics, for the same or less expenditure, 
when a rational approach to the problem is 
made. We are not by any means advocating 
a general adoption of low-short-circuit-ratio 
machines, but believe that there do exist 
conditions under which the use of such ma¬ 
chines would be very well worth while! 

AIEE Transactions 



spherical waves most mathematical equa¬ 
tions contained in this paper are equally 
applicable to quasi-spherical waves in 
which the phase-amplitude pattern, that 
is, the relative phase-amplitude distribu¬ 
tion is independent of the distance from 
their center. In accordance with this defi¬ 
nition any wave function F describing a 
quasi-spherical wave is of the following 
form 

V(r, 6, 0) » T($, 0) R(r) (A) 

where r, 0, and 0 are the spherical co¬ 
ordinates (figure 1). The function T(6 , 0) 
represents the phase-amplitude pattern 
and R(r) describes the variation of the 
amplitude of this pattern with the dis¬ 
tance from the center of the wave. For 
spherical waves, the phases at various 
points (0,<£) situated on the same sphere 
r — a must be the same and T(0,0) repre¬ 
sents the relative amplitude distribution 
over the equiphase surfaces; hence for 
spherical waves T(0,0) must be real. 
(Strictly speaking, T may differ from a 
real function by a constant complex fac¬ 
tor which, however, may always be in¬ 
cluded in R(r).) Spherical waves of 
this type appear to be more special than 
those defined in the first paragraph since 
it is conceivable that the amplitude pat¬ 
terns over the equiphase' spheres could 
vary with the distance from the center. 
It is possible to show, however, that such 
more general types of spherical waves do 
not exist and that consequently all pos¬ 
sible spherical waves are included in the 
form (id). 

The amplitude pattern T(6, 0) may be 
different for different field components. 
For example, the radial field of the wave 
emitted by an electric current element 



Figure 1. Spherical frame of reference 


The positive directions of r-, 0-, and 0-com- 
ponents of a vector are the directions of 
increasing r, 0, and 0. OZ is the polar axis 
of the frame and XOY plane is the equatorial 
plane 


varies as cos 0, where 0 is the angle made 
by a typical radius with the axis of the 
element, while the transverse field varies 
as sin 0. The pattern associated with the 
radial component and with the potential 
function may be regarded as basic inas¬ 
much as the remaining patterns are ob¬ 
tained from it by simple differentiation. 
Thus the transverse field is proportional 
to the gradient of the radial field. On 
this account, T(6, 0) will henceforward 
express the relative distribution of the 
radial current (electric current in trans¬ 
verse magnetic waves and magnetic cur¬ 
rent in transverse electric waves). (The 
magnetic current is defined as the time 
rate of change of the magnetic flux.) On 
a typical equiphase surface the lines 

7X0,0) = constant (B) 

represent, therefore, the lines connecting 
points of equal radial current density. 
These lines are also equipotential lines 
(electric equipotential lines in transverse 
magnetic waves and magnetic equipo¬ 
tential lines in transverse electric waves). 
Furthermore, lines ( B ) are magnetic 
lines of force in transverse magnetic waves 
and electric lines of force in transverse 
electric waves. 

The amplitude distribution function T 
is not arbitrary but must satisfy equa¬ 
tion 3 and certain boundary and con¬ 
tinuity conditions. It is perfectly con¬ 
ceivable, of course, that with a proper 
distribution of radiating elements over 
some sphere r = a we could enforce any 
desired distribution of radial current; 
but this relative distribution of current 
will not remain the same as we move 
away from the sphere r ~ a. On the 
other hand, if we were to enforce a dis¬ 
tribution satisfying equation 3, we should 
find the same distribution at any dis¬ 
tance from the sphere. It is only these 
waves that obey simple transmission 
laws; all other waves may be regarded as 
due to superposition of such simple waves. 

By definition, in a transverse magnetic 
wave there is no radial magnetic current 
and, therefore, the electromotive force 
around any closed circuit situated com¬ 
pletely in one equiphase sphere is zero. 
This means that the electromotive force 
from one point of the equiphase surface to 
another is the same irrespective of the 
path joining them so long as this path 
never leaves the equiphase surface. Thus 
to each point we can ascribe an electric 
potential F, representing the electro¬ 
motive force from the point in question 
to a reference point of “zero potential, 
this force being taken along any path 
contained in the particular equiphase sur¬ 
face. The transverse electric field is, 


therefore, the negative of the gradient of 
this potential 


E t = -grad V 


(1) 


If du and dv are two elementary lengths 
in an orthogonal co-ordinate system 
drawn on the particular equiphase sphere, 
than (1) takes the form 



E v = - 


dV 

bv 


Again, in a transverse magnetic wave, 
magnetic lines are situated on equiphase 
spheres and since these lines are closed, 
we must have a definite number of them . 
crossing any path joining two fixed 
points, so long as this path is in the equi¬ 
phase surface. It is possible,, therefore, 
to define a magnetic stream junction A as - 
the number of magnetic lines crossing a 
path from the point in question to some 
fixed reference point. If these crossings 
are regarded as positive when they appear 
to be from right to left to an observer 
standing on the equiphase sphere at the 
point in question and looking toward the 
center, then the components of the mag¬ 
netic field are 



H v = 


bA 

bu 


If these equations are substituted in 
Maxwell’s equations, it turns out that 
the total, (the conduction and the dis¬ 
placement) radial electric current per 
unit solid angle is equal to the stream 
function A, except for a numerical factor 
k 2 depending upon the particular am¬ 
plitude distribution function T(6, 0). 
Thus the entire field may be described by 
two functions A and F, the first being 
proportional to the radial electric current 
and the second being equal to the trans¬ 
verse electromotive force. The analogy 
with an ordinary transmission line com¬ 
posed of a pair of parallel wires, in which 
the waves are also described in terms of 
longitudinal current and transverse elec¬ 
tromotive force, is clear. In free space 
spherical waves, however, the longitudi¬ 
nal current is a continuously distributed 
displacement current (in parallel with a 
conduction current if the medium is dis¬ 
sipative) while in plane waves guided by 
parallel wires it is the conduction current 
concentrated in the wires. Thus the 
transmission line representing a trans¬ 
verse magnetic spherical wave must have 
a distributed series capacity associated 
with the longitudinal electric field as well 
as the series inductance associated with 
the transverse magnetic field. 

Transverse electric waves are, in a 
sense, reciprocal to transverse magnetic 
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waves: the roles played by the electric 
and the magnetic field are interchanged. 
Since there is no radial electric current, 
the magnetomotive force around a closed 
circuit lying completely in an equiphase 
sphere is zero and it is possible, therefore, 
to define a magnetic potential U at any 
point as the magnetomotive force from 
this point to a reference point of zero 
potential. Similarly there exists an elec¬ 
tric stream function F representing the 
number of electric lines crossing a path 
connecting a fixed reference point to a 
point in question. This stream function 
turns out to be proportional to the radial 
magnetic current per unit solid angle. 
Thus the entire field can be expressed in 
terms of two functions as follows 




E u 


btf bU 

bu* “ bv 9 

iu>nr*H T = k 2 F, 

bF ^ bF 
^ ’ to 


One of these functions, U, is the trans¬ 
verse magnetomotive force and the other, 


F, is proportional to the longitudinal 
magnetic current. 

The nature of this type of electro¬ 
magnetic transmission can also be indi¬ 
cated by an equivalent transmission line. 
The transverse magnetic field represents 
a series inductance and the transverse 
electric field a shunt capacity (in parallel 
with a conductance if the medium is dis¬ 
sipative) while the longitudinal magnetic 
field represents a shunt inductance in 
parallel with this capacity. 

Transverse electromagnetic waves are 
obtainable from either of the two above 
types by letting the modular constant k 
be equal to zero. Such waves, however, 
can exist only in the presence of two or 
more conducting wires, emerging from 
the center of the waves. 

All spherical waves either belong to one 
of the above discussed types or are de¬ 
composable into components that belong 
to them. In a region surrounding the 
sources, nonspherical waves can be de¬ 
composed into a finite or an infini te 
number of spherical waves. The cor¬ 
responding mathematical process is the 
expansion of a given function into spheri¬ 
cal harmonics. 



A —Electric lines of force in a transverse 
magnetic wave (in free space) produced by 
an electric current element. Magnetic lines 
are circles coaxial with the element and 
linking with electric lines. This is a zonal 
wave with k* = 2 and 7(0/0) - cos 0. 
The same picture represents a transverse 
electric wave produced by an elementary 
electric current loop in which case the lines 
in the picture are magnetic lines. Electric 
lines are, then, circles coaxial with the loop 

B — The chord OP » cos 0 represents the 
relative amplitude of the radial current density 
in the direction OP making angle 0 with the 
axis of the source. The radial current is the 
electric displacement current if the source of 
radiation is an electric current element, and 
the magnetic displacement current if the source 
is an elementary electric current loop. The 
radial current flows in opposite directions in 
the shaded and unshaded regions. The power 
radiated in any given direction is proportional 
to the gradient of the radial current density. 
Thus there is no radiation in the directions 
of maximum flow of radial current 


Waves Emitted by an 
Electric Current Element 

Before proceeding with the general 
treatment of transverse magnetic waves, 
it will be instructive to discuss from our 
point of view a transverse magnetic 
wave which is particularly familiar to us, 
namely the wave emitted by an oscillat¬ 
ing charge or by an electric current ele¬ 
ment. In this wave magnetic lines are 
circles coaxial with the element and elec¬ 
tric lines are in radial planes (figure 2). 
The expressions for the field of this wave 
may be found in various books dealing 
with the advanced topics of electricity 
and magnetism. From these expressions 
we can calculate by integration the elec¬ 
tromotive force from any point to the 
equator of the particular equiphase 
sphere and the number of magnetic lines 
crossing a path from this point to the 
equator; thus if the dement is at the 
origin and along the polar axis of 
the spherical co-ordinate system, we 
have 
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where IqI is the moment of the element 
in ampere-meters, rj the intrinsic im¬ 
pedance of the medium in ohms, 0 the 
phase constant in radians per meter, to 
the frequency in radians per second, ji 
the permeability in henries per meter, 
6 the dielectric constant in farads per 
meter, and X the wave length in meters. 
The radial impedance Z T is defined as the 
ratio V/A which is also equal to the ratio 
of transverse field strengths. The re¬ 
sistive and the reactive components of 
this impedance as functions of the dis¬ 
tance in wave lengths are shown in 
figure 3. 

It could also be shown that V and A 
satisfy the following “transmission equa¬ 
tions’' 



This equation makes it evident that we 
are dealing with a “transmission line” 
having a distributed series nductance 
M henries per meter, an ever-increasing 
series capacity (V 2 ) er 2 farad-meters, and 
a shunt capacity € farads per meter. 
The analogy becomes even more striking 
if the equations are written in terms of 
the potential difference V between the 
corresponding points on the “north” and 
“south” axes of the wave and the radial 
electric current I flowing across the north¬ 
ern half of the equiphase sphere 



The factors 1 /w and it appear because of 
the averaging process. In practice, how¬ 
ever, the last of the above equations are 
of lesser importance since we are usually 
interested in the actual field at various 
points and not in average values over the 
entire wave front. 

Waves Emitted by an Infinitely 
Small Electric Current Loop 

Another simple wave important in 
practical engineering, is that emitted by 
a small loop of area »S carrying electric 
current I. The magnetic potential and 
the electric stream function for this 
transverse electric wave are 

U - 

| 

AIEE Transactions 



and the transverse fields are obtainable 
from these by differentiation 


He - - 


bU 

rbO* 


_ bF 
E * ~ rbe 


In this ease the transmission equations 
are 


bF 

br 


= — id) (A U, 


bU 
br ' 


- L * +~) 

\ Uapr 2 / 


Thus the equivalent transmission line 
consists of a constant series inductance, 
a constant shunt capacity, and a shunt 
inductance proportional to the square of 
the distance from the loop. The radial 
impedance of the wave is defined as the a 7 

ratio V/U or the ratio E^—Ho- The “^T 
product of this impedance and the corre¬ 
sponding impedance of the wave emitted 
by the current element is the square 
of the intrinsic impedance. In air this 
product is, therefore, 377 2 ohm 2 and if one 
impedance happens to be small, the other 
will be large. 

Figure 3 shows that at distances from 
the source short compared with X the 
radial impedance of the wave emitted 
by an electric current element in air is 
very large; therefore, the corresponding 
impedance of the wave emitted by the 
loop is very small. Thus near the 
sources the two waves in air can be char¬ 
acterized as a high- and a low-impedance 
wave. It turns out, however, that in 
good conductors both waves are low- 
impedance waves even at frequencies as 
high as 100 megacycles. Hence die 
reflection at the air-metal boundaries, 
whose radii are short compared with the 
wave length, is very much higher for waves 
originated by condensers than for waves 
originated by coils and metal shields are 
correspondingly more effective for the 
former waves. 

Transverse Magnetic 
Spherical Waves 

In dealing with transverse magnetic 
waves we shall choose their center as the 
origin of our co-ordinate system (figure 1) 
and set R r - 0 in the general electro¬ 
magnetic equations. An analysis closely 
parallel to that adopted in dealing with 
plane waves 2 shows that various field 
components can be expressed in terms of 
an electric potential V and a magnetic 
stream function A as follows 

dV bV 

rEe * r sin e 585 ~ 


where the modular constant k depends 
upon the amplitude pattern of the wave. 

The relative amplitudes of V and A 
over equiphase spheres are specified by a 
function T(0, <t>) which must satisfy the 
following amplitude equation 

sin 6 Vo {* Q * + Ij? “ " ** ** 9 T 

(3) 

The solutions of this equation are known 
as the spherical surface harmonics . 

The variation of V and A with the dis¬ 
tance from the center of the wave is given 
by the following transmission equations 


- ZA t 


bA 

br 


—• = — YV 


(4) 


where the distributed series impedance 
and the distributed shunt admittance are, 
respectively 

k 2 


Z = i(*>n + 


(g + 


Y =* g + iwe 
(5) 


The shunt admittance is seen to consist 
merely of a parallel combination of con¬ 
ductance g and capacity e; the series im¬ 
pedance, on the other hand, consists of an 
inductance 11 in series with a parallel com¬ 
bination of a capacity er 2 /k % and a con¬ 
ductance gr 2 /k 2 . 

When r is sufficiently large, Z is 
substantially independent of r and the 
transmission equations are those of a uni¬ 
form line. It is seen from (2) that under 
these circumstances the longitudinal com¬ 
ponent E r of the electric intensity be¬ 
comes small and the wave becomes nearly 
transverse electromagnetic. At such dis¬ 
tances the propagation constant and the 
radial characteristic impedance of the 
wave are approximately equal to the cor¬ 
responding intrinsic constants of the 
medium 


= icoju(2 + iue)> 
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DISTANCE—WAVELENGTHS 

Figure 3. The ratio of the radial impedance 
of a wave emitted by an electric current 
element to the intrinsic impedance as a func¬ 
tion of the distance from the element. The 
solid line represents the resistance and the 
dotted line the capacitive reactance. The 
intrinsic impedance of air is 120x « 377 ohms 

This equation possesses two independent 
solutions of the form 

A + = T(e,<t>)y/~r K v (<rr), 

A~ = T($, <t>)y/rl v {ar). 

p = V* s + l A (8) 

where I v and K v are the modified Bessel 
functions of the first and second kind. 
When r “ “, A + vanishes and A~ be¬ 
comes infinite; thus A + is the solution 
appropriate for a region extending to 
infinity and represents an outward-bound 
progressive wave. When r = 0, K v is 
infinite and I T is finite; hence A is 
the solution appropriate to a region which 
includes the origin and is bounded by an 
equiphase sphere. We shall designate 
this wave as the “internal” wave; in 
a nondissipative medium, such a wave is 
always a standing wave. 

From (4) and (8) we can obtain the 
corresponding expressions for V and hence 
for the outward-looking radial impedance 
Z r + and for the inward-looking radial 
impedance Z r ~; thus we have 

1 a , A + 

Z.+ - - — 7 ~ r ~ r- log A + 

g +or 


( g -f- iw) Etf 


rH**= — 


bA 

b$' 


b<f>' 
WA 
r* 
bA 

r sin e He =» —, 
H t - 0 


( 2 ) 


__ («) 

K g + *»« 

(5) the distance r is “sufficiently 
large” if k /1 or |is small compared with 

unity. If the conductivity of the medium 
is high, then even short distances may be 
“sufficiently large." In nondissipative 
media <r = 2ir*A; in this case, if the 
distance in wave lengths is large compared 
with £/2ir then the distance is sufficiently 
large for the wave to be regarded as sub¬ 
stantially transverse electromagnetic. 

In general, however, the transmission 
line described by (4) is nonuniform. 
Eliminating V, we have 


f J_ . 

' ” [>r K„(<rr) j 


Zr~ 


— log A- 


g -j- tut br 

rj_ 4. 42221 
“ v L 2 <rf + I v {<rr) J 


(9) 


cinfA the transverse-field components 
are expressed in terms of the derivatives 
of V and A with respect to 0 and <f> and 
since r and A depend upon these vari¬ 
ables only through the factor T(6, <t>), 
we have from (2) 


Ee 

K* 


-*± z. 

He 


( 10 ) 
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TnACTniirh as T is a real function, Ee 
and E* are in phase and thus add into a 
angle vector whose direction is indepen- 
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dent of time; in other words, the trans¬ 
verse electric intensity is linearly polar¬ 
ized. Likewise, the magnetic intensity 
is linearly polarized. The two trans¬ 
verse vectors are perpendicular to each 
other because Eq/E^ = —H^/Hq, The 
ratio of the transverse electric intensity 
to the magnetic intensity is Z T . 

The modular constant is not perfectly 
arbitrary. Thus in a medium which is 
homogeneous throughout the entire space, 
T must be finite for all values of the co¬ 
ordinates 9 and <£ and from the theory of 
equation 3 we know that this require¬ 
ment restricts the values of & to a set 
given by 

k* - n(n + 1), n = 1, 2, 3, 4, . . ., 

p — n + y 2 (11) 

The integer n can be regarded as the in¬ 
dex of the particular transmission mode . 
The wave emitted by an electric current 
element corresponds to n — 1. The 
general form of the solution is given by 
equation 12. In free space m is an integer 
because the field must be periodic in <j> 
with the period 2?r. When m - 0, the 
field is independent of the <j> co-ordinate 
and the waves may be called zonal waves. 
In this case, the integer n represents the 
number of nodal cones, that is, conical 
surfaces made up of radii along which the 
racial current density is equal to zero. 
In this count the equatorial plane is to 
be regarded as a (degenerate) conical 
surface. When m 9 ^ 0, the waves may be 
called tesseral waves. The integer m 
represents the number of nodal planes 
passing through the axis of the wave; 
the number of nodal cones is then n-m. 
When m = n, the wave may be called 
sectorial since the wave may be divided 
into m equal sectors with identical field 
distributions. Figures 2, 4, and 5 illus¬ 
trate a few types of spherical waves in 
free space. 

If a homogeneous medium is bounded 
by a perfectly conducting conical surface, 
then the tangential component of the 
electric field and hence T must vanish bn 
the boundary. Again the “permissible” 
values of k will be restricted to a dis¬ 
creet set of numbers. 

The transmission modes which are 
possible in regions bounded by coaxial 
circular cones and by planes passing 
through the common axis can be found 
with the aid of tesseral harmonics. These 
harmonics are the solutions of (3) in the 
form 0(0) #(<£), namely 

T(6 t *) « [^Pft^cos 6) + 

G» W ( cos 0)] (CfM»COS mp rj- 

dn tm sin t#*) (12) 

k* n(n + 1) or 

* - -v« +Vi* + v. 
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The fimctions P n m and Q n m are associated 
Legendre functions satisfying the follow¬ 
ing differential equation 

d ( . dx\ 
sin 6 l sin 0— ) + 

de\ de) 

(k 2 sin 2 9 - m*)x « 0 (13) 

If we are concerned with the region de¬ 
fined by the inequality $ < do and 
bounded by a perfectly conducting coni¬ 
cal metal sheet 6 = 0 O , then m is an 
integer and n is a root of 



Figure 4 


Pn m ( COS do) - 0 (14) 

If the region is given by 0i 0 <i 0 2 
and 4>i < (j> <i and bounded by per¬ 
fectly conducting cones 9 — 6i and 
6—6 2 and by perfectly conducting 
planes <f> = <t>i and = <£ 2 , then T will 
vanish on the boundary when m — 
sir/(<t >2 — <f> i), r being an integer, and n 
is a root of 

Pn m (cos 6Q P n m (cosd 2 ) 

Q n m (cos 0,) Q n m (COS 0 2 ) {15) 


If the region is bounded merely by two 
conducting coaxial cones 6 — 6\ and 
6 = 0 2 , then m in (15) is an integer since 
the field must remain the same if 0 is in¬ 
creased by 2x, that is, if we return to the 
same point after making a complete turn 
along a circle of latitude. 

For waves in free space the Bessel 
functions defined by (8) reduce to ex¬ 
ponential functions multiplied by poly¬ 
nomials in 1/ err; thus 


A + •- T( 6 , *)r%W 

f(ar)s= jr 

' sl(n-s)K2arY (W) 

A- = T(e, <t>)[e-”f n {<rr) + 

(.-Y +l e”f n {-cr)\ J 

The following are, then, the expressions 
for the radial impedances 



e ^[//(or) — A(or)] -|- 
(~)”^ <Tr lf n '(—<rr) — 
fn(-*r)l 

r “-■•“TWw)- +i-) n+1 x 

e^M-vr) 


(17) 


The impedances of the wave emitted by 
an electric current element are obtained 
from (17) if we assume n — 1; thus 
we have 



1 + <rr + (gr) 2 
^ or(i + or) 




(1 + <rV a ) tanh <rr — cr 


<rr(crf — tanh or) 

In a nondissipative medium <r 


(18) 
= ifi = 
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A —Lines of force in a zonal wave with k 2 = 6 
. . . *1 

and 7(0, <f>) = — (3 cos 2 ^ — 1). These lines 

are electric if the wave is transverse magnetic 
and magnetic if the wave is transverse electric. 
Magnetic lines in the First case and electric 
lines in the second are coaxial circles linking 
with the lines shown in the figure 

B — Relative distribution of the radial current 
density. The radial current flows in opposite 
directions in the shaded and unshaded regions 


ioo V / ju€ = 2 ttc/X; hence (18) becomes 
P 2 r* i? 


Z r + 


Z T ~ = iij 


1+ 0V 2 ^ *>(1 + ’ 

(1 - flV 2 ) tan flr - flr 
/3r( tan fir — /5r) 


(19) 


The outward-looking impedance consists 
of a resistance and a capacitive reactance; 
the former increases with the distance 
from zero to a constant value while the 
latter decreases from infinity to zero 
(figure 3). At distances short com¬ 
pared with the wave length we have 
approximately 



The inward-looking impedance is reac¬ 
tive. At distances small compared with 
X this impedance is nearly equal to 
2/i <aer; then its absolute value decreases 
to become equal to zero when r — 0.44X; 
subsequently the reactance becomes posi¬ 
tive and it increases to infinity at r = 
0.71X; then it changes its sign again, etc. 

The average flow of power across an 
equiphase surface is given by 


*-(7*) r */,JOE*#** - E^Ht*)dil | 

(s) I 

- (V»)r*Z r f f (HeHg* + 

V H^*)da 


(V* )Z, 
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1 bA bA 
sin 2 e b<t> 
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da 


( 20 ) 


where the asterisk is used to designate 
conjugate' complex numbers and dll is 
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the elementary solid angle defined by 
dil «* sin 0 dO d<f> (21) 


Substituting for A its expression in the 
form 7<£) R(r ), we have 



Multiplying (3) by T dO d<j>/ sin 0 and 
integrating over an equiphase surface, we 
obtain the following identity for a wave 
iu free space or in a region bounded by 
perfectly conducting conical surfaces 
emerging from the center of the wave 


mm 

Us) 




sin 0 do — k 2 
Hence (22) becomes 


, /j w ' 

(a) 


dil (23) 







T*dil 


(24) 


Thus the power flow across an equiphase 
surface is proportional to the mean square 
of the amplitude distribution function T. 


Transverse Electric 
Spherical Waves 

In the case of transverse electric waves 
the field is expressed in terms of the mag¬ 
netic potential U and the electric stream 
function F as follows 

OU *U ' 

rlU . rsinf>//*= 


cerned, F satisfies the same equation as 
A in (7), Thus the solutions may be 
written as follows 

F + = T(e,<t>)Vr KpW, 

F~ = T(0,<t>)*s/r I v (trr), 

p - V* 1 + V. (27) 

the first being appropriate to the out¬ 
ward-bound progressive waves and the 
second to the internal waves. 

The product of the outward-looking 
impedances for the transverse magnetic 
and transverse electric waves having the 
same modular constant is equal to the 
square of the intrinsic impedance of the 
medium. The same is true of the cor¬ 
responding inward-looking impedances. 
Thus we have 

Z T M*Zris* * Z TM ~Z TE ~ *= y* (28) 

This result is deduced from the fact that 
A and F satisfy the same equation 7 so 
that they are represented by the same 


90° 



Figure 5 


netic waves are antiresonant points of 
transverse electric waves, and vice versa. 

In free space the modular constant of 
transverse electric waves satisfies (11). 

In the regions bounded by perfectly con¬ 
ducting conical surfaces, the normal 
component of the magnetic intensity and, 
therefore, the normal derivative of T 
must vanish on the boundary. This 
condition is sufficient for determination 
of modular constants when the bound¬ 
aries are specified. Thus for a region 
bounded by a cone 6 = 0 O , n must satisfy 
the following equation 

4- Pn m (cos 6.) = 0 (30) 

dO o 

where m is an integer. In a region 
bounded by two coaxial cones 0 — 0\ 
and 0 — Bo, n must satisfy 

y P n m (COS «,) J P n m ( COS 0i) 

“!__ _ d l __ (31) 

£&*(<»« f e Qn m ( cosfc) 

where m is still an integer. Finally, iri a 
region bounded by two coaxial cones 
$ ;= Bi and 8 — 0 2 and by two planes 
(j) — </>! and </> = <fc> passing through the 
axis of these cones, n must be a root of 
(31) and m = sir/ W> 2 — <P i), s being an 
integer. 

The average power flow across an equi¬ 
phase surface can be expressed in terms 
of the amplitude distribution function in 
the same manner as for transverse mag¬ 
netic waves. Thus we obtain . 

JJ Ttda (32) 

,T ‘ (5) 
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E r = 0 


where P and U satisfy the following 
transmission equations 


OF 

Or 

OU 
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ZU t z - icon 


■ YF, 7- (g + ^) + 


k* 

io)fir 2 


(26) 


These are seen to be the equations for a 
transmission line with constant distrib¬ 
uted series inductance, constant shunt 
conductance and capacity and tapered 
shunt inductance. Both functions F and 
U are proportional to the amplitude dis¬ 
tribution function T (6 , d>) which satisfies 
equations. 

In so far as the r co-ordinate is con- 
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A— The vertical pattern representing the radial 
current density in a tesseral wave with fc* - 12 
and T(0, <p) - sin 6 (5 cos* 0 - 1) sin 4> 

B —The horizontal pattern of the radial current. 
The radial current flows in opposite directions 
in the shaded and unshaded regions 


mathematical functions and from the 
fact that in accordance with (4) and (26) 


the expressions for radial impedances can 
be written in the following forms 


y+ i 0A * 

Ztm ~ ^ + (g -{- iwe)A + Or 

F+ i wpF+ • 

Ztb+ . “ = "" ~dF* 


(29) 


Transverse Electromagnetic 
Spherical Waves 

If the modular constant is zero, there 

is neither electric nor magnetic radial 
field and the wave is strictly transverse; 
As may be seen from equations 4 and 
5 the propagation constant and the radial 
impedance are, in this case, independent 
of the distance from the source and are 
equal to the corresponding intrinsic 
constants of the medium. ' 

Transverse electromagnetic spherical 
■waves cannot exist in free space. In 
order to prove this we observe that when 
k = 0, (3) becomes 


dr 


uation 28 implies that if the im- 
lance of one wave is large compared 
ih the intrinsic impedance, the ba¬ 
lance of the other is low. Likewise 


sini) 


a / . ar\ 

MV 131 6 a«) 
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(33) 


Multiplying this equation by T dO ty/ 
sin 6, supposing that T is everywhere 
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by parts over the entire sphere, we obtain 

fim+um >< 

sin 9 dO d<f> = 0 (34) 

Since the integrand is nonnegative, (34) 
can be true only when T reduces to a con¬ 
stant and the field to zero. 

Transverse electric waves may exist, 
however, in the presence of two or more 
perfectly conducting conical wires emerg¬ 
ing from a given point. The following is 
the most general solution of (33) 

r = /i tan 0 + / 2 tan ^ (35) 

where /i and f 2 are arbitrary functions. 3 
In particular we have a solution of the 
form 

r = P log tan 4 (36) 

2 

Hence, we can set 


A - P\ log tan — , 


V « P 2 log tan —(37) 


where Pi and P 2 are functions of r alone 
and are related as A and V in (4). From 
(2) we now obtain 




Pi 

r sin 6* 


E$ = 
H e = 


Pi 

r sin 9 * 
E+ = 0 


(38) 


These solutions are finite everywhere ex¬ 
cept along the radii 0=0 and 0 = it. 
Calculating the magnetomotive force 
along a typical parallel, we have the ex¬ 
pression for the total radial current flow¬ 
ing across the spherical segment bounded 
by this parallel; thus 


J(r) = 2vr sin 0H<f> 



- 2*Pi, 


(39) 


Since the field is transverse, there is no 
radial current anywhere except possibly 
along the singular lines 0 = Oand 0 = 7 r. 
Equation 39 assures us now that these 
lines actually do support equal and op¬ 
posite currents. Since the electric field 
is perpendicular to the singular lines they 
must be perfect conductors; hence, the 
field under consideration is a spherical 


6 0 O ' 

T tan* - - 2 tan-tan j cos (* 

A = — — log---——-——- 

4ir 0 B Oi ■ 

tan* - — 2 tan - tan — cos (<f> 
2 2 2 


wave guided by two infinitely thin wires 
diverging from a fixed point in opposite 
directions. 

We have seen that the radial im¬ 
pedance of an outward-bound progressive 
transverse electromagnetic wave is equal 
to the intrinsic impedance tj and that the 
propagation constant is cr; therefore 


Pi - vPi - - r 

2t 


(40) 


where J 0 is the current through the gen¬ 
erator at r = 0. Equations 38 assume 
noWthe following form 

w) 

* 2ttt sin e v J 


2t rr sin 0 


It is now easy to determine the char¬ 
acteristic impedance of. a transmission 
line formed by two perfectly conducting 
conical wires, of angles (these angles are 
the angles made by the generator with 
the axes of the cones) and small 
compared with the angle f between the 
axes of the cones. The latter condition 
is made in order to assure the substantial 
absence of proximity effect. The im¬ 
pedance is 



2 sin £ 
_2^ 

V *1*2 


(46) 


The field will not be disturbed if we 
introduce perfectly conducting conical 
sheets 0 = 0i and 0 = 0 2 . By (37) and 
(40) the potential difference between 
these sheets is 

v * - Vi - loe ( cot 2 tan 2 ) (42) 

Thus the characteristic impedance of the 
transmission line formed by two coaxial 
cones is 

Z '~t log (cot J tan |) (43) 

Taking the hint from (36) it is quite 
easy to construct synthetically the solu¬ 
tion for the spherical wave guided by 
two infinitely thin wires diverging along 
arbitrary radii 0 = 0i, 0 = <j> lt and 
0 = 0 2 , 0 = 0 2 . Thus we have 


In the foregoing pages we have dis¬ 
cussed those special types of waves which 
are governed by particularly simple 
transmission laws. The simplest of these 
waves are those emitted by a straight 
electric current element and by a small 
current loop; the first is a transverse 
magnetic wave with n = 1, m = 0 and 
the second is a transverse electric ware 
with n = 1, m = 0. But most practical 
antenna systems produce more complex 
waves, which may be regarded, however, 
as combinations of the simpler types. 
Likewise any wave emitted by a source at 
one point and a properly chosen group of 
waves with their center at some other 
point produce the same field in the region 
outside the sphere with its center at the 


A = 




tan - — 


(44) 


2 A 


The only singularities of this function 
occur at points where either the nu¬ 
merator or the denominator vanishes, that 
is, along the above-mentioned radii. 
These singularities are logarithmic as 
they were for the previously discussed 
special case. The coefficient can be 
verified by calculating the magnetic 
intensity and integrating the latter 
around an infinitely small circle surround¬ 
ing either of the singular lines. Multi¬ 
plying the quantities in the parentheses 
of (44), we have an expression free from 
complex quantities 

a 

— 4> i) + tan* ^ 

——— r («> 

— te) + tan* ^ 


second point and which passes through 
the first point. This equivalent repre¬ 
sentation is needed in dealing with the 
problem of shielding in the case of a 
source which is not centrally disposed 
with respect to the shield. 
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An Analysis of the Induction Machine 

By H. C. STANLEY 
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of the various winding currents. Thus, 
ipi *® Hi + 4 u) 4* 


M^i a cos $ -f 4 cos ^ 0 - 4* 

(•♦ai 


i c cos 


(3) 


T HERE has long been a need for a 
means of evaluating the performance 
of induction motors under transient con¬ 
ditions, as when driving pulsating com¬ 
pressor loads. The familiar equivalent- 
circuit analysis is inadequate to deter¬ 
mine the effects of pulsating speeds, and 
the more complete analysis of S. J. 
Levine 1 is somewhat inconvenient, since 
the rotating axes assumed lead to in¬ 
volved equations. Probably the most 
convenient approach is to be found in 
the stationary-axis method so successfully 
applied by R. H. Park 2 to the analysis 
of salient-pole synchronous machines. 

It is, therefore, the purpose of this 
paper to present a simplified mathe¬ 
matical analysis of the induction machine 
which is applicable to the solution of a 
variety of transient and steady state 
problems. By means of a set of linear 
transformations, the phase voltages, cur¬ 
rents, and ilux linkages are referred to a 
set of orthogonal co-ordinate axes which 
are stationary with respect to the stator. 
The resulting differential equations are 
not only linear but have constant coef¬ 
ficients for the case when the rotor speed 
is constant. Such equations are readily 
soluble by the operational methods. 

The simplified equations which are de¬ 
rived are applicable to any machine with 
a uniform air gap and balanced, sinu¬ 
soidally distributed rotor windings. These 
equations are solved in literal operational 
form for the cases of those current and 
voltage transients for which it is suffi¬ 
ciently accurate to treat the rotor speed 
as a constant. 

The present treatment, however, is not 
limited to problems wherein constant 
rotor speed is maintained. Indeed, the 
greatest justification for its use is prob¬ 
ably to be found in the field of variable 
speed problems. In this class are those 
steady hunting or pulsating phenomena 
which are met in connection with the 
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operation of Selsyn follow-up systems and 
induction machines with pulsating shaft 
torques. As an example of the usefulness 
of the method in the latter field, the 
analysis is carried out for the case of a 
single-phase induction motor which is 
driving a load with pulsating torque, for 
example an air compressor. In this 
problem the procedure for determining 
the current, voltage, and speed fluctua¬ 
tions caused by a given pulsating torque 
reduces to that of simply solving two sets 
of three simultaneous, linear algebraic 
equations. 

Assumptions 

The analysis is based upon the follow¬ 
ing simplifying assumptions: 


Equation 3 follows from a consideration 
of the simplifying assumptions and the 
arrangement of the windings in the ma¬ 
chine. The windings are depicted sche¬ 
matically in figure 1 where the positions 
of the various coils represent the geo¬ 
metrical positions of the magnetic axes 



Figure 1. Relative positions of magnetic 
axes of stator and rotor windings 


1. Balanced rotor windings are assumed for 
all cases, and the three-phase machine equa¬ 
tions are derived upon the additional as¬ 
sumption that the stator windings are also 
balanced. 

2. It is assumed that the coefficient of 
mutual inductance between any stator 
winding and any rotor winding is a co¬ 
sinusoidal function of the electrical angle 
between the axes of the two windings. 

3. It is further assumed that the rotor is 
smooth and that the self-inductances of all 
the windings are independent of the rotor 
position. 

4. The effects of saturation, hysteresis, and 
eddy currents are neglected. 


Part I. Three-Phase Machine 
Equations 

A—Derivation of the 
Differential Equations 

By summing the voltages around the 
closed circuit of each of the rotor and 
stator phases, the following fundamental 

voltage equations may be written:* 


(1) 


( 2 ) 


ci — t*h + 

«2 ** ppt + f b 

e 3 = PPt + «t . 

e a m PPa + R b 
e b = PPt + R b 
e c = Ms + 

Now, by virtue of assumption number 
4, the flux li nkages P are linear functions 

* Refer to the "Nomenclature” for a list of symbols 
and their definitions. , -' A f __ 

** These equations have been set up and solved fo 
several cases by S. J. Levine. See reference 1. 

Stanley — Induction Machine 


of their respective windings and the ar¬ 
rows indicate assumed positive directions 
of currents, flux linkages, and applied 
voltages. 

The substitution of expressions similar 
to (3) for the various flux linkages into 
equations 1 and 2 would yield six linear 
differential equations in the six currents 
ii, b, b, ia, b, b- Because of the form of 
(3), these equations would contain num¬ 
erous trigonometric coefficients.** It is 
possible, however, by a change of refer¬ 
ence axes, to obtain equations which do 
not contain these annoying trigonometric 
functions of 6. Indeed, it is found that 
the following linear transformations will 
lead to simpler equations in six new 
variables, i at 4, !<*> !&> ft* Thus, let 


ii - ia cos 6 + ifi sin 0 4* 4 
/ 2 w\ 

H « i a cosl0 + — 1 4* 

sin ^0 4 — ^-Mo 

'(•-?)+ 

( M,* 

ip sin l 8 — J 4“ 


it * ta cos \ 


(4) 


and 

i a — Ia 4“ ft 

b - -l Ia + ^r I * + I ° 


1 VS T IT 
ic “ “* o Ia “ * ^ ft 


2 

\A 

2 


(5) 


751 




When equations 4 and 5 are solved for 
*a> ip, it, I u , Ip, and Jo, the expressions for 
the new variables in terms of the phase 
quantities are found to be 


*■■![* 


cos 0 -f* h cos 


( ,+ !)+ 

H 553 g sin 0 4 ii sin ^0 -+- -f 


to — “ (t‘i + t 2 4 it) 


and 

J “ = 1 [ 4 “ i (ib + * o) ] 
VS 

i? = g (4 - 4) 

— g (4 + 4 4- 4) 


(*) 


(7) 


Equations exactly similar to (4) and (5) 
are introduced to define the transforma¬ 
tion of the phase quantities e u e 2 , e z , e at 
e bt 6 C , fa, fa, fa, fa, fa t and fa to the new 
Quantities e#, ep, eo, R a , Ep, Eq, fa t fa t fa t 


or 


e a *■ pp a 4* ri* 4 falpB] (9) 

By a similar process ep is determined. 
Thus, 

ep - PPp + rip - fa[pd] (10) 

Also, from (1) and (6), 

e 0 - ppo + rio (11) 


Following this same procedure, stator 
equations corresponding to the rotor 
equations 9, 10, and 11 are derived. Thus, 


E a = p<6 a + RI a 

(12) 

Ep pstp + Rip 

(13) 

Et - p*t + Rio 

(14) 


Now, just as the winding flux linkages 
are linear functions of the various winding 
currents as shown in (3), the new flux 
linkage quantities are linear functions of 
the new currents. These relations are 
given by equations 15. 


fa — hie X 4* Mo I a 
fa = hip + Molp 
fa = (/ 4 2M R )io 

“ Lola + Moict 
^p ~ Lo Ip 4 Mtfip 
*o * (L + 2Ms)Io 


( 15 ) 


When (15) are substituted in (9)-(14), 
the flux linkage terms are eliminated and 
the following equations result: 


(R + Lop)I a 4* 

0 + CR 4 ,Lop)Ip 
MoPla 4* Mo[pd]Ip 
-Mo[p9]I a + Mop Ip 


0 + Mopia + 0 = E a 

+ . °4 Mopip — Ep 

+ +• h[p6]ip = 

— hlp9]i a + • (r -f- hp)ip - ep 

[R 4 (L 4 2M a )p]I 0 » Eo 

[r + {l 4 2M R )p]io - eo 


(16) 


dent with the stationary «- and /3-axes, 
yet having an instantaneous velocity [pB ] 
with respect to them. Such a condition 
could be approximated by supplying the 
rotor currents through stationary brushes 
to commutator bam on a moving rotor. 
The quantities J 0 and i 0 are simply 
measures of the currents which flow in 
the stator and rotor neutral leads. 

To specify completely the machine per¬ 
formance for a given set of applied vol¬ 
tages a further relation between the cur- 
rents and rotor speed is sought. This re¬ 
lation is found in the equation for the 
electrical torque on the rotor which is 
derived in the following section. 

B—Derivation of the 
Torque Equation 

The value of the magnetic torque be¬ 
tween two magnetically coupled, current- 
carrying coils is given by the following 
expression: 5 


T 





where 

Li, Lt — self-inductances of the coils 

M = mutual-inductance between the 
coils 

ht h « coil currents 

9 = relative angular displacement of 
coil axes 


For an induction motor with a smooth 
rotor, the self-inductances are constant 
and (16) becomes, for the summation of 
the torques due to each pair of rotor and 
stator coils, 


^ac, ^p, and ^o. The inverse transforma¬ 
tions are given by equations similar to (6) 
and (7) . 

It will be noted that the stator equa¬ 
tions 5 and 7 are similar to the rotor 
equations 4 and 6 when the rotor, position 
angle 0 is put equal to zero. 

Taking the first time derivative of fa 
in the equation for corresponding to 
the first of equations 6, 

1 2T / 2ir\ 

M* * - l cos *4 cos f 0 4 “ j #2 4 i 

cos (*t) ~ f [V sin 9 + 

fa sin ^0 4“ ^ + fa sin ^9 - [p9] 

Then, substituting expressions for ^ 
from equations 1, and fa for its expression 
corresponding to (6) , equation 8 becomes : 

Pfa =* *<X ~ ri a - fa[pe J 


Equations 16 completely specify the d 

relations between the currents, terminal ^ ~ / M rIs ~ ^rs (18) 

voltages, and rotor speed. An inspection 

of these relations will give a clearer picture where the subscripts R and 5 denote rotor 

of the physical significance of the linear and stator quantities, respectively, 
transformations (4) and (5). Theyarethe Or, since M BS is assumed to be a cosinu- 
equations which would result if voltages soidal function of the angular displace- 

E °“ E f> were impressed at the terminals ment of the coils R and S, d/de M RS is a 

of two stator windings with resistance R sinusoidal function of the displacement 

and self-inductance U, oriented in elec- angle and (18) becomes for the three- 
tncaJ space quadrature—i. e., with their phase induction motor, 
magnetic axes coincident, respectively, 

with the axis of phase a (a-axis) and an T = — (44 + 44 + i e it)M sin $ — 
axis displaced 90 electrical degrees in the . . ( 2*-\ 

direction of rotation from the axis of ^ + **' + ieil X Msin r + ?) “ 

phase a (0-axis). The corresponding ro- , 

tor voltages e a , ep would be applied at the (44 + 44 + 44) M sin ( 6 - — J (19) 

terminals of two rotor coils with resist- A . 3 / 


ance r and self-inductance 4, oriented 
with their axis coincident with the a- and 
P-axes, respectively. To account for the 
appearance of the “speed-voltage” terms 
i'filpQ] and —in the rotor equa¬ 
tions, the fictitious rotor coils are thought 
of as having their magnetic axes coinci- 
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Substituting the expressions (4) and (5) 
into (19), 

3 3 

T “ - ^IaMpip + - IpMoia (20) 

Equation 20 together with equations 16 
completely specify the machine perform- 
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ance in terms of the impressed voltages 
and torque. 


C—Solution of the 
Machine Equations 


One group of transient problems is that 
for which it is sufficiently accurate to 
treat the rotor speed as a constant. With 
the assumption of constant speed, the 
machine equations ( 10 ) become linear 
differential equations with constant coef¬ 
ficients and subject to solution in the 
literal operational form. Thus, replacing 
the term [p0\ by the constant n in (16) 
and letting the rotor terminal voltages go 
to zero, the solution of ( 10 ) yields the 
following operational expressions for the 
various currents: 


/„ 


. Jj + a 

Z> Zz 


. . V, . . Vt 

b -- ~ J Zi + •' 

ip ~ Mo Vi 

= “ 7+Tp~m)1 K ~ 

(p 4~ jtt) Mo Vt 
t 4~ (p + jn)h Zt 


( 21 ) 


, jp Y± 

^ + (p ”■ jn)l o Z\ 


equations of transformation correspond¬ 
ing to (4), (5), ( 6 ), (7) are 


i\ = i a cos 0 -f ip sin 0 
it * —ia sin 0 + ip cos 0 

ia *■ Ia 

i b = Ip 

ia = i\ cos 0 — ii sin 0 
ip = ii sin 0 + it cos 0 


] ( 22 ) 
} (23) 
| (24) 


With similar transformations for the vol¬ 
tages and flux linkages, the voltage equa¬ 
tions (9), (10), (12), (13) of the three- 
phase case are applicable here. Also, the 
two-phase flux linkage relations are simi¬ 
lar to the three-phase relations (15) with 
the exception that the actual inductance 
coefficients are used instead of the three- 
phase apparent coefficients. Thus 


by setting the stator current in phase b 
equal to zero. For simplicity of analysis 
a two-phase, balanced rotor is assumed, 
Thus, from ( 22 ), (23), (24), 


ii » 
it =* 

i a cos 0 4 - ip sin 6 } 

— i a sin 6 -f ip cos 6 J 

{ (28) 

ia = 

la 

(29) 

ia - 
ip - 

ii cos 0 — it sin 0 - 

ii sin 0+72 cos 0 J 

[ (30) 

From (25) the flux linkage relations are 

*• 

n 

+ 

.s 

) 

pp = lip 

[(31) 

^fa = LI a 4" Mi a 

J ' 


The voltage and torque equations follow 
from (26) and (27). They are 


Pa — Ha 4“ 
pp = lip -j- MIp 
= LI a + Mi a 
typ = Lip + Mip 



The general machine equations corre¬ 
sponding to (16) are obtained by substi¬ 
tuting (23) into (9), (10), (12), (13). They 


(R+Lp)I a + Mpl a + 0 =£« 

Mpla 4” (r 4" lp)ict~\~l[p&]ifi ~ 6a 

— M\pQ)I a — l[P&]ia 4*(r 4- ip)ifi e P 

(32) 

T - -IaMip (33) 


are 

(R + Lp)I a +0 + Mpia +0 - E « 

0 + (R + Lp)Ip + 0 + Mpifi - Ep 

Mpla + M[p0]lp + (r + lp)ia + - «« 

-M\pe}l a + Mplp - l{p»]ia + ('+ lp) ** - e 0 


(2(5) 


‘ (/> 4- jn)Mp Vt 
^ r 4“ (P 4“ jn)h Zt 



These expressions, when evaluated by 
operational methods, yield the transient 
currents as functions of time. It must be 
remembered that these particular solu¬ 
tions are valid for constant rotor speed n 
only and when the rotor speed is a func¬ 
tion of time equations 16 must be solved 
by some other means. 

The steady-state currents are readily 
determined in the familiar vector form 
by expressing the applied voltages Fi, 
V it Vo as vectors and replacing p by jo> 
in ( 21 ). 


Part II. Two-Phase Machine 
Equations 


B—The Torque Equation 


The magnetic torque is, by (18), 

T = —(*o*i + ***») M s” 1 ® + 

(*»*i - *«**) M cos B 
- sin# + *j cos 0) + 

cos 0 - it sin 0) 

Or, by (23) and (24), 

T = —I a Mip + Ip Mi a (27) 

C—Solution of the Machine 
Equations for Constant Speed 


B—Solution of the Machine 

Equations for Constant Speed 

If the rotor' be short-circuited sym¬ 
metrically at its terminals, the short- 
circuiting impedance in each phase may 
be included with the rotor resistance and 
the voltages e a , ep put equal to zero in 
(32). As suming the rotor circuits to be 
closed through equal resistances which 
are included in r, the solutions of (32) are 


Since the machine equations (26) are 
similar to (16), their solutions are given 
by the solutions of (16) . Thus, the two- 
phase currents are the same as those of 
equations 21 with the exception that the 
zero subscripts referring to apparent 
three-phase quantities are omitted here. 
There are no zero-phase-sequence quan¬ 
tities for the two-phase case. 


Ia = [<r + IPY + nV\ -f 

i a = - 7 -I rp + (P- + n*)l]E a 
A • 

. Mrn 

%P ** —“ 

A 

where 


(34) 


A—The General 
Machine Equations 

Assuming the direction of rotation from 
the positive axis of phase a toward^ the 
positive axis of phase b, the a-axis is 
taken as the axis of phase a and the 0 - 
axis as the axis of phase b. Then, the 
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Part III. Single-Phase Machine 
Equations 

A—Machine Equations 

The single-phase relations are readily 
obtained from the two-phase equations 

Stanley—Induction Machine 


A = (R + Lp) [(r + ip ) 1 + nH'] - 

M*p[rp + Gf>* + n*)l] 

or in terms of the single-phase positive- 

and negative-phase-sequence impedances, 

A ,ZL±£[(r + tpy +W] 

2 

753 



0 


and (34) may be written 
2£« 


la 


Z\ + Zi 


i = _ 2M r±±iPL±jW E 
Z\ + Z% (r 4- Ip )* + w 8 / 2 a 


2 M 


rn 


(35) 


la 


Zx+Z, 

-jXm 


Zi 4- Zi 


X 


Ls 


4 -jXr 


2 — s 


+ i*r 


«> - -X. 


& 


"Zx + 25, 
1 


X 


(36) 


\i + jXr FT7 + ^ 


D—Single-Phase Motor 
Running With Small, Steady 
Pulsations in Speed 

When a single-phase induction motor 
is driving a load such as a compressor 
which impresses a pulsating torque upon 
the shaft of the machine, the resulting 
pulsations in speed cause pulsations in 
the line current and possibly line voltage 
“flicker/* When the pulsation frequency 
is low the rotor inertia may not be of 
sufficient magnitude adequately to sup¬ 
press the speed and current variations, 
and the voltage pulsations at the motor 
terminals are apt to be a source of con¬ 
siderable annoyance, especially if there 
are lighting loads on the same circuit. 

In the following analysis the rotor in¬ 
ertia is assumed to be large enough that 
the speed is not appreciably affected by 
the double-line-frequency components of 
the single-phase torque, and the rotor 
speed is assumed to consist only of a 
constant component plus a small devia¬ 
tion which varies sinusoidally at pulsa¬ 
tion frequency. Then, the currents and 
load torque are broken up into two com- 


(R 4- Lp)AI a 4- MpAi a 4- 0 - 

MpAl a 4" (r 4" Ip) A4 4“ IN At p = — lip^An 

—MNAl a — lNAi a 4" (r 4~ lp)Aip = (MI a ° 4" lia)An 

ip*MAI a -f IcPMAtp 4- Jp(An) - AT L 


( 38 ) 


= Zi + Zi (r + ipy + nV 

C—Steady-State Relations 

Substituting joo for p in (35), the vec¬ 
tor expressions for the steady-state cur¬ 
rents become 

, 2 E a 1 

*a 


Assuming that the motor is supplied from 
a stiff voltage source through a line im¬ 
pedance which is included with the stator 
impedance, the stator voltage E a is con¬ 
stant Then, when (37) are substituted 
into the machine equations (32), (33) with 
rotor short-circuited, and the products of 
small pulsation terms are neglected, the 
equations (38) in the pulsation com¬ 
ponents result.* 

In (38) the quantities with the super¬ 
script 0 are the steady-state values and 
are given by (36). If the currents are 
in amperes and the inductances in henrys, 
the electrical torque is in watt-seconds 
and the rotor intertia J must be in watt- 
seconds 3 /electrical radian; or, for a mo¬ 
tor with q pairs of poles, J — /'/(10 7 q), 
where /' is the inertia in gram-centi¬ 
meters 2 . 

Because of the nature of the pulsation- 
phenomenon, the following steady-pulsa¬ 
tion solutions of (38) are assumed: 


(39) 


A I a “ Re [Alie&i* 4- Alze&i*] 

A 4 = Re [ Ai ai 4- A4*€ jto » < ] 

A dp = Re [Aifa e*V 4- A ip t €***?] 

Also, by the assumption of sinusoidal 
speed and torque variation, 

An = AN Re [e***] 

A T l = Re [ATe^pt] 


(40) 


and, by (36) the steady-state components 
of the currents are of the form 


la* - Re [Joe**] 
4° = Re [i^] 
4° = Re [ip o^] 


(41) 


* After substitution in (32), (33), the steady-state 
equations must be subtracted from the resulting 
relations to obtain (38). The torque equation is 
the result of balancing the induction-motor, load 
and inertia torques on the rotor. 


Then, from (39), (40), (41) 


AN 

4° Aw = — Re [ifrfi** i* 4- ifte****] 
AN 

4° Aw = — Re [4 0 6^/ 4“ 4o€^ s< ] 
z 

AN 

la An = —Re l I 0 e*V + 


Ia - - Re [/„ + 

Z 


ip o AT* — ~ Re [4o Alie^ 3 ? 1 -J- 


/ 0 A %&<***'} 
* + 

4 0 a7 2 ^] 


(42) 


p{ An) = AN Re 


Note that,in the evaluation of the products 
la hip. and ip°Al a) the terms of fre¬ 
quencies 2(o 4“ co p and 2co — co P have been 
omitted because of the assumption that 
the torque components of these high fre¬ 
quencies are absorbed by the rotor inertia 
with changes of speed which are negli¬ 
gible compared with the variations at pul¬ 
sation frequency. 

When! (39), (40), (41), (42) are substi¬ 
tuted into (38) and coefficients of like 
exponentials equated to zero, the seven 
equations (43) result. 

The first six equations of (43) are linear 
algebraic equations and may readily be 
solved for the currents Al lt A I 2 , A ip tt 
A ip t in terms of the speed variation AN. 
Then, these values may be substituted 
in the torque equation and the ratio 
AN/ AT calculated. Thus for a given 
amplitude of torque pulsations, the am¬ 
plitude of the speed and current pulsa¬ 
tions may be determined from (43). 

Briefly, the procedure for determining 
the magnitudes of the speed and line cur¬ 
rent pulsations due to a pulsating torque 


(R 4“ juiL) All 4" MMAi a i -f- 

ju\M Ah 4b ( f 4" j Mil) A4 1 4- 


0 = 0 

7 AT A * 7 * NN 

IN At pi = -~hp 0 —- 
2 


ponents, one the steady-state, steady- 

—MN All - IN Aiai + 

(r +j<»il)Aipi 

speed value and the other a small varia¬ 
tion due to the speed pulsation. Hence 

(i? +jco 2 L)Al 2 4“ jofyM A4» 4" 

0 

n = N 4" Aw 
la - Ic? +M* 


jo*iM AI 2 4" (r 4~ jwil) Ai m 4* 

IN Aipi 

ia » 4° 4-a4 

(37) 

-MNAI* - INAt ai 4- 

(r 4~ jW) Aip* 

ip = 4° 4* A ip 

Tl = Tj* + AT L j 


M 

P/So ATi 4- ifh A /2 4 - /o A ipi 4" J 0 Alpa ] +j» p jAN 

764 
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0 = 0 


AN 

h *' T 


AN 

2 


AN 

2 


(43) 
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of given amplitude may be outlined as 
follows: 

1. Determine the average speed N and cal¬ 
culate the steady-state vector currents Jo, 
iao, ipi) by means of equations 36. 

2. Substitute these values into (43) and 
calculate Alu A/a, A«0 (| A ip% in terms of 
AN. Thus, 

A / - 

+ j<d) + (MI q + liao)N] An 
A 2 

A ip = 

-~NUp t \{R 4- jwL)/ - jo>M 2 ] 4- 
( ilfJ 0 -W fgi) [(R + j<*L)(r -f ./w/)-fco 2 M 2 ] AiV 
A 2 

where 

A « (R 4* >L)[(r + j«J) 2 4- NH 2 ] - 
ju)M 2 [ju>r 4- (N 2 — « 2 )J] 

XiQ’cu) 4* 

2 


torques. Furthermore, should it be de¬ 
sired to determine the performance of an 
induction machine with non-steady varia¬ 
tions in speed as in the case of rotor ac¬ 
celeration, the general equations are in 
a convenient form for making the neces¬ 
sary calculations. 


Nomenclature 


L 

l 

M 


U 

Jo 


self-inductance of one stator phase 
self-inductance of one rotor phase 
maximum value of mutual induc¬ 
tance between one stator phase 
and one rotor phase 
(L — M s ) ~ apparent three- 
phase stator self-inductance 
> (l — M r ) = apparent three-phase 
rotor self-inductance 


I(r + jU) 1 + m*] M<t = | M 


apparent three-phase mu¬ 


3, Calculate the speed in terms of the 
torque by means of the last equation of (43). 
Thus 


AN 


i AT 


4. Determine Ah and Ah by substituting 
k&T for AN in the expressions already 
calculated in (2) 

r>. The line current pulsation is given by 
(30). Thus 

A/„ * Re\Ah*** u 4- AJ**»‘] 

Conclusion 

A method of analysis has been de- 
velopcd, which, based upon a relatively 
few simplifying assumptions, is applic¬ 
able to the solution of a variety of tran¬ 
sient and steady-state problems. The 
treatment has concentrated on the 
method and derivation of the general 
equations rather than the application of 
the equations to the solution of particular 
problems. It is believed that the analysis 
is straightforward and that, having 
grasped the fundamental principles in¬ 
volved in the derivation of the general 
equations, it is a relatively simple mat¬ 
ter to apply them to the solution of special 
problems. Accordingly only a minimum 
number of actual solutions in literal form 
have been included. These indicate the 
general procedure to be followedand il¬ 
lustrate the relative simplicity with which 
results can be obtained ip special cases. 

The results should be especially useful 
in the practical solution of problems due 
to the excessive current 
light flicker which may result when in¬ 
duction motors are used for driving such 
loads as refrigerator compressors Also- 
the operational solutions which are given 
are in a form which is convenient for the 
calculation of short-circuit currents and 
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Mr 

R 

r 

e a,b>c 
*1,2,8 
2 a,b c 

i\ % 2,8 
Pa,l>eC 

^1.2,3 

n 


tual inductance 

mutual inductance between stator 
phases 

mutual inductance between rotor 
phases 

resistance of one stator phase 
resistance of one rotor phase 
stator phase terminal voltages 
: rotor phase terminal voltages 

* stator phase currents 
: rotor phase currents 

* stator phase flux linkages 

: rotor phase flux linkages 

* rotor speed in electrical radians 
per second 

s fndt = electrical angle between 
o 

phases o> and 1 at time t 
s frequency of applied voltage when 
it is sinusoidal 
_ f? ZL2 * s iip of the rotor 


P 

(oXo 

<J 0 

00 Mq 

typ 

*0 

la 

Ifi 

Jo 

Ea 


time derivative operator 

dt 

X s = stator apparent reactance 
per phase at frequency of applied 
voltage 

X r = rotor apparent reactance per 
phase at frequency of applied 
voltage 

; Xu *=* apparent mutual reactance 
per phase at frequency of applied 
voltage 

stator flux linkages in positive a 

axis . . 

■ stator flux linkages in positive fi 

axis 

. stator flux linkages zero phase- 
sequence 

» stator current in positive a axis 
= stator current in positive 0 axis 
. stator current zero phase-sequence 
. stator terminal voltage in positive 
o axis 


E fi ■ 

JEo a 

Pa 

PP 

Po 

id 

ip 

io 

e a 

e 0 

*o 

*Zl 

*z 2 

Zo 

Vi 

V 2 

Vo 

T 

T av . 

t l 

J 

r 

3 

AN 
A T l 

Wp 

«i 

<02 


= stator terminal voltage in positive 
0 axis 

* stator terminal voltage zero phase- 
sequence 

= rotor flux linkages in positive a 
axis 

= rotor flux linkages in positive 0 
axis 

* rotor flux linkages zero phase-se¬ 
quence 

= rotor current in positive a axis 
= rotor current in positive 0 axis 
= rotor current zero phase-sequence 
= rotor terminal voltage in positive 
a axis 

= rotor terminal voltage in positive 
0 axis 

- rotor terminal voltage zero phase- 
sequence 

pip — jn)Mo 2 

= or- 

sient positive phase-sequence im¬ 
pedance 

pip 4- jn)Mo 2 

sient negative phase-sequence im¬ 
pedance 

= J? 4- (L 4 2 M s )p transient zero 
phase-sequence impedance 

- positive phase-sequence 
2 

stator voltage 

- ft* ~ negative phase-sequence 

2 

stator voltage 

-s Eo zero phase-sequence stator volt¬ 
age 

» induction motor torque 

* average value of single-phase in¬ 
duction-motor torque 

* mechanical torque on motor shaft 
plus windage and friction torque 
in watt-seconds 

J7(l0 7 g) - rotor inertia in watt- 
seconds 8 /electrical radian ^ 
as rotor inertia in gram-centimeters 2 
= number of pairs of poles 
= magnitude of speed pulsation due 
to torque A Tl 

« magnitude of pulsation component 

of load torque 

= frequency of pulsations 

» w 4 w p 

» w - «p 
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Discussion 

C. Concordia (General Electric Company, 
Schenectady, N. Y.): Mr. Stanley has ex¬ 
pressed the performance of an induction 
machine in terms of quantities referred to 
the stator. It may be pointed out that his 
form of the equations is particularly well 
adapted to the solution of problems involv¬ 
ing unbalanced stator circuits. In general 
it may be' stated-- th^t one can have un¬ 
balanced circuits on either the stator or the 
rotor of an electric machine, but not on 
both, and still arrive at differential equa¬ 
tions which have constant coefficients for 
the case of constant speed. The variables 
shotfld be referred to the side of the machine 
having the unbalanced circuits. 

It may be helpful to those familiar with 
the theory of synchronous machines to show 
how equations similar to Mr. Stanley’s, but 
closer in form to the conventional syn¬ 
chronous machine equations, 1 may be de¬ 
rived, and to show another application of 
these equations. 

Analysis 

Consider a machine with symmetric 
rotor and possibly asymmetric stator. The 
stator equations are 

e a = PPa - ri a — Z a (p)i a 
ep = PPp - rip - Zp(p)ip 
go = pp o — ri Q — Z 0 (p)i D 

where the a, 0, 0 quantities 2 are referred to 
axes fixed in the stator, and are related 
to the familiar d, q, 0 quantities 1 by the 
equations 

ia M H cos 6 — i Q sin 0 
ip — ia sin 0 + i Q cos 0 

or 

id — ia cos 9 ip sin 0 
i 9 = — i a sin 0 -j- ip cos 0 

with similar relations for p and e. In terms 
of phase quantities, there are the rela- 
• tions 

*« = £ (24 - it, - ic) 
ip = (*» — 4) 

*•“ | (4 + 4 +-4) 

so i a , ip may be considered as the armature 
currents of an equivalent two-phase ma¬ 
chine. 

Zaip), Zp(p), Zo(p) are the impedances* 
to a, j8, 0 currents, respectively, of the cir¬ 
cuits external to the machine. 

TJjere are also the equations 1 ... 

•f:0V 

td =,G{p)Efd — Xd(p)ia 
P Q « ~x q (p)i q 

pa =». —Xq ia 

the first two of which must be converted 
to a t 8 axes. If we let 8 

*«(#>) - *dLP) 

' Mua 2 x'Top + x ' * 
“ * pxm + R/*~ Tgp + 1 K } 
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(Top 4- l)pa H" T o ppp0 


-( x'TqP + x)i a — x'Toippd 4- E f d cos 9 

Rfd 

(To P + 1 )Pp — Tvtf'aPO — —(x'TqP + x)ip -\- x'ToiaPO + Ef d sin 0 

Rfd 


( 5 ) 


and 

G(p) = _^_» _i_ ^ 

px ff d + Rfd Top + 1 R fd 

we find equation 5 from (2), (3), and (4). 

For constant speed, pd = w, equations 5 
may be solved for p a , Pp, and these in turn 
substituted in equations 1. We have 
then: 


e* 


[ [p(ToP+\)(x'ToP+x)+p(To<*yx'] 

\ (tv>4-i) 2 4-(tv>) 2 

r + Z a (p) 


pjToP -j~ l)Toa>x'— Too)p(x'Top + X) 
(Top + i) 2 + (TW) 2 


j*« - 

]*n+ 


From (9), the operational denominator Dp 
of ip is 

Dp «• p*x'TJ + 

pnix+x'Wo+x'Toia+Toir] + 
P 2 [x + x'ToW + To\x c + ra) + 
(x + tf')To« 4* 2Tor) + 
p[2T 0 (x c 4- ra) 4“ 

(x + x'To 2 <»*)a 4- (1 4- T Q W)r] 4- 
(1 4- ToW)(x c 4~ ra) (10) 

If we let r = a — 0 and apply Routh’s 
stability criterion we find that the electrical 
system is unstable if 

s) ( 4 ^ <“> 

Numerical Results and Conclusions 


x a fd p( Top +1) cos 0 — Tqo) p sin 0 ~j 
Rfd fi L (Top +1) 2 + (r o£ o)‘ J 

«sa) 


( [pjToP + l)(x'T 0 p +x)+(T^yx'p] 
\ (T«p +1)* + (r 0 u) s 

r + Zp(P) 


> 

r Toux’p(Top -f l)~Tou>p(x f Top + 3c) *j 

L (Top + l) 2 4- (Toco)* J 

Xafd E f r 0 6? j>cos0 + p(Top 4- 1) sin 0 

Rfd fd L (Top 4~ l) 2 4- (Tqoj) 2 


+ 

+ 

\ia + 


] 


(6b) 


Single Phase Operation of Induction 
Motor (Line-to-Line) 


Equations 6 may be used to determine 
the performance of a machine having un¬ 
balanced stator circuits. We consider the 
case of an induction motor with line a 
open and find the regions of self-excitation. 4 
Since line a is open, there are 


Za(P) = - 0 (7a) 

Also 

E fd - 0 (7b) 

If there is a capacitor C and shunt re¬ 
sistor R in each line, 


Zp(p) = ZAP) - zip)- -Z— (8) 

P 4- a 

where 

a ** (CR)~\x c = C- 1 
Equation 6& then reduces to: . 

_ e J ^ ' 

[K7oH.W+ri+(WX 
x f p](p 4- Ct) +[r(p 4- a) 4- x t ] x . 
[(Top. (r66))*i v w 
'[(W + DV+Wto+a) 
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There is no evident simplification per¬ 
mitting the determination of an approxi¬ 
mate boundary of the stable region in the 
range (11), so calculations have been made 
for the numerical cases 

* * 3.24 

= 0.40 

To = 171.4 and 17.14 
« 0.95 and 0.25 




Figure 1 • Negative damping of induction 
motors with series capacitors—-sin gle-phase 
operation 

Series and shunt resistances required for stable 
operation 
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which were previously considered in refer¬ 
ence 4. The boundary curves obtained are 
shown in figure 1, and indicate that less 
series resistance or shunt conductance is 
required for stability in the single phase 
case than is required in the three-phase 
case for the same rotor speed, since the 
single-phase curves lie entirely within the 
unstable regions found 4 for three-phase op¬ 
eration. 


Single Phase Operation 
(Line-to-N eutral) 

Another possible stator unbalance is the 
case of a four-wire or grounded-neutral 
system with lines b and c open. Then 

2 . . 

= - ta — ; tp ~ 0 

O 

oc (12 *) 

Zaip ) - ZIP') = Z a (p) - —*- 
P + a 

e a ~ e * + e o 

and, in general r 0 ^ r. 

From (12), (6), (3) and (1) 

£ a __ 

%a 

2[p(Top + 1 )(x'TqP + x) + 

(Tou) z x'p)(P + ot) 4- 

l(px o + + ro)(P + «)+ 3x c ] X 

, [(Top + l) 2 4- (Tqco) 2 ] _L $ 

3 (P + <*)[(ToP + l) 2 + (W ] ^ 

and the operational denominator D a of i a 
becomes: 


D a = p*T\2x' + x 0 ) + 

p 3 [2(x + x f + x 0 )To + 

To 2 { 2x' + x 0 )a + T,\2r + r 0 )] + 
p 2 [2x -f xo 4- r 0 2 co 2 (2x' + x 0 ) + 
Tq 2 (Sx c + (2 r + r 0 )a) + 
2T 0 (x+x' +xo)a- s r2To{2r+r 0 )]-\- 
p[2To(2x c -f (2r + r Q )a) + 

(2x + Xo + r 0 2 co 2 (2x' + *<>))« + 

(1 + T 0 2 co 2 )(2r + ro)l + 

(1 + r 0 2 o; 2 )(3x c +(2r+n>)<*) ( 14 ) 


For (2r + r Q ) = a = 0 the electrical 
system is unstable if 


< 


(„,_JL)(i±^) us, 


All of the results obtained here may be 
adapted to a single-phase machine by re¬ 
calling that the self-inductance L of the 


armature winding of a single-phase machine 
in terms of three-phase inductance is: 

L = ~ (2x + xo) 
o 

if the single-phase winding is regarded as 
one phase of a three-phase machine, or it is: 

L = 2x 

if the single-phase winding is regarded as 
two phases of a three-phase machine in 
series. The steady-state reactance x s of the 
single-phase machine is given by the corre¬ 
sponding expressions 

x s — i (x + x' + xo) = x + x' 

6 
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W. V. Lyon (Massachusetts Institute of 
Technology, Cambridge): Mr. Stanley 
recommends the method Park has developed 
and applied to salient-pole synchronous 
machines. In this method currents, of 
their magnetomotive forces, are resolved 
into components acting along quadrature 
axes—the so-called direct-axis and quad¬ 
rature-axis. I suggest it be referred to as 
the “method of quadrature components.” 
I believe -the method of symmetrical com¬ 
ponents is equally useful in all the problems 
Mr. Stanley proposes. The method of 
symmetrical components is just as forceful 
under transient conditions as under steady- 
state conditions. There is very little differ¬ 
ence in the formulation of the required 
equations by either method. Except for 
nomenclature Mr. Stanley’s general in¬ 
duction-motor equations (16) have the 
same appearance as the corresponding equa¬ 
tions derived by applying the method, of 
symmetrical components. Any advantage 


possessed by the method of quadrature com¬ 
ponents is most pronounced when the 
magnetic circuit and the windings on one 
side of the air gap are symmetrical about 
two quadrature axes, as in the salient-pole 
synchronous machine. This is particularly 
true when damper windings are being con¬ 
sidered. Nevertheless the method of sym¬ 
metrical components has been successfully 
applied to this case by Ku and others. 
Any advantage possessed by the method of 
symmetrical components is most pro¬ 
nounced when the air gap is uniform and the 
windings on both sides of the air gap are 
symmetrical. 

About seven years ago we obtained solu¬ 
tions for the current and torque in a sym¬ 
metrical induction motor when the speed 
was retarded linearly from synchronism 
and when the speed oscillated harmonically 
about synchronous speed. We used the 
method of symmetrical components and 
made the same assumptions Mr. Stanley 
lists under 1 to 4, and also assumed the 
stator resistance was negligibly small. 
When the speed oscillates about syn¬ 
chronism we found the relation between 
torque and instantaneous slip is an oval 
having the steady torque-slip line for its 
major axis. 


H. C. Stanley: The author is grateful to 
Mr. Concordia and Professor Lyon for their 
discussions. 

Mr. Concordia has pointed out an in¬ 
teresting example illustrating a practical 
case where unbalance in the stator circuits of 
an induction machine requires an analytical 
approach more powerful than that offered 
by the conventional equivalent circuit 
method. 

Professor Lyon is quite right in his claim 
that the method of symmetrical compo¬ 
nents is equally as useful mathematically 
as the “method of quadrature components.” 
As he points out, however, each set of 
transformations has its own advantages 
which are amplified or suppressed, de¬ 
pending upon the nature of the physical 
problem to which they are applied. It be¬ 
hooves the engineer to pick the particular 
transformations which are most advanta¬ 
geous in the solution of his special problem. 

It might be considered as somewhat of an 
advantage by some that the quadrature- 
components transformations are real as 
compared with the complex transforma¬ 
tions of the symmetrical components 
method. 
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High-Voltage Gaseous and Fluorescent 
Tubes for Advertising and Architectural 
Lighting Effects 


By j. a. McDermott 

ASSOCIATE AIEE 


Synopsis: Rapid strides have been made 
in the field of high-voltage electrical-dis¬ 
charge tubes. The most recent develop¬ 
ment has been the use of fluorescent phe¬ 
nomena. Fluorescent materials were first 
introduced as an integral part of the glass. 
The New York World’s Fair has made a 
number of installations of Claude Zeon 
fluorescent tubes in which the fluorescent 
materials are placed as a coating on the 
inside walls of the tubing. Remarkable 
efficiencies and a full range of pastel shades 
make high-voltage fluorescent tubing a 
valuable tool for the use of the engineer, 
architectural designer, and advertiser. 

A LTHOUGH gaseous tubing had 
been used previously in the United 
States, the introduction of high-voltage 
neon and mercury tubes by the Claude 
Companies in 1924 inaugurated a new in¬ 
dustry of such tremendous proportions 
that the whole aspect of outdoor electri¬ 
cal advertising was changed. The rea¬ 
sons for the wide acceptance of gaseous 
tubing were both functional and eco¬ 
nomic. By its use advertising features 
could be outlined directly, thus offering 
better definition than the general flood¬ 
lighting of those features. In addition, 
the life of the tubing was relatively long, 
the installation requirements were simple, 
and attractively colored light could be 
produced more efficiently than from incan¬ 
descent sources. Rapidly the gaseous 
tube assumed its role as a major feature 
of the nation's “white ways.” 

Filter Glasses and Basic Colors 

The light emitted due to an electrical 
discharge in a gas gives a line spectrum, 
and by the use of filter glass certain of the 
lines may be absorbed and others trans¬ 
mitted. 

Neon gives a series of lines, including 
yellow and red, the net physiological ef¬ 
fect of which is the characteristic orange 

Paper number 38-94, recommended by the AIEE 
committee on production and application of light 
and presented at the AIEE summer convention, 
Washington, D. C., June 20-24,1938. Manuscript 
submitted May 24, 1938; made available for pre¬ 
printing May 27, 1938. 

J. A. McDermott is electrical engineer for Claude 
Neon Lights, Inc., New York, N. Y. 
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red. If the proper red-colored tubing is 
employed, all but the deep red light is ab¬ 
sorbed and a ruby tube is the result. 
Similarly, mercury vapor, when acti¬ 
vated, gives blue and green lines, which 
result in a whitish blue light. However, 
by using “Novial glass,” which absorbs 
the blue lines, a green tube may be ob¬ 
tained. If the proper blue glass is em¬ 
ployed, a so-called “midnight blue” tube 
will result. 

The use of helium in tubes was not 
found practical until 1933, when the 
Claude laboratories introduced special 
electrodes to permit its use. Helium 
gives a yellowish white light and when a 
yellow filter tubing is employed a gold ef¬ 
fect can be obtained. 

Elementary Use of 
Fluorescent Tubes 

The first commercial fluorescent tubes 
employed uranium glass. By its use with 
a mercury discharge a green fluorescence 
was obtained and this combined with the 
filtering effect of the tubing gave a blue 
green light at an efficiency somewhat 


higher than that obtained from Novila 
glass. However, mercury tubes continued 
to play only a minor role, due to the 
comparative brilliance of neon tubes, and 
attempts were made to improve the ef¬ 
ficiency of mercury tubes. It was well 
known that at the gas pressures used a 
large proportion of the energy emitted by 
the discha r ge was in the form of ultra¬ 
violet light, that was not utilized. 

In 1935 “Lumophor” tubing was in¬ 
troduced to the United States by the 
Claude companies. In this tubing a 
fluorescent material was incorporated as 
an integral part of the glass walls of the 
tubing. A wide variety of colors was 
made available, including a yellow green, 
blue, gold, and a few shades of white. 
This development was important be¬ 
cause it increased the efficiency of certain 
colors and introduced others heretofore 
not available from any type of gaseous 
tubes. Green tubes were produced which 
were 500 per cent more efficient than non- 
fluorescent tubes. These new tubes 
found wide use in the sign industry and 
the white tubes were used to some extent 
in interior decoration. 

A typical example of the use of this 
type of white fluorescent tubing is found 
in the illumination of the glass dance floor 
(figure 1). 

In this design the effect of a marine 
compass was obtained by coating the 
underside of the glass slabs with colored 
translucent paint. 

Although Lumophor tubing represented 
an advance in the application of high- 
voltage gaseous tube phenomena, it did 

Figure 1. Hotel Warwick, New York, N. Y. 
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not utilize all the ultraviolet light that 
was available. Too much of the ultra¬ 
violet energy was lost in reflection and 
absorption by the glass walls of the tub¬ 
ing. 

Coated Fluorescent Tubes 

Methods were developed whereby fluo¬ 
rescent materials were made to adhere to 
the interior walls of the tubing. With 
this construction, the ultraviolet light 
fell directly upon the material to be acti¬ 
vated and the reflection of the ultra¬ 
violet light by the interior surface of 
the tubing and absorption of the ultra¬ 
violet by the glass had no effect upon the 
efficiency of the tube. 

The efficiencies obtained by this 
method were revolutionary, and, in the 
instance of green, reached 60 lumens per 
watt. In addition, many new colors were 
made available. Future research prom¬ 
ised the development of high-efficiency 
white shades and a full range of pastels. 
However, a great amount of groundwork 
had to be done to reduce the laboratory 
samples to a practical basis. Fluores¬ 
cent materials were developed that best 
responded to the ultraviolet radiation 
emitted by low-pressure tubes. 

General practice in the sign industry 
had established the use of tubes having a 
life of from 3,000 to 10,000 hours and it 
was essential that during the major part of 
this period the luminescence be practi¬ 
cally constant. The fluorescent tubes 
would have to possess similar character¬ 
istics so that a section replaced due to 

Figure 2. Store display, New York, N. Y. 



breakage would not stand in too sharp a 
contrast to adjacent sections of an in¬ 
stallation. 

Developments in the technique of 
coating, evacuating, and processing the 
tubes, together with improvements in the 
phosphors, have resulted in high-voltage 
fluorescent tubes that meet all the rigid 
requirements that have been set. These 
tubes, known as Zeon tubes, have only 
recently been introduced to the American 
market. 

Fluorescence has also been obtained 
where neon gas is used in the tubes with¬ 
out any mercury. There is a certain 
amount of ultraviolet emitted by low- 
pressure discharges in neon. A golden- 
colored tube is produced by using a ma¬ 
terial that gives a green fluorescence. 
The addition of the green light to the 


Figure 3. Ford fluorescent sign. New York, 
N. Y. 



Figure 4. Outlining of Eiffel Tower base, 
Paris Fair 1937 

orange red of the neon gives the effect of a 
golden tube. By the use of other phos¬ 
phors various neon fluorescent effects 
are obtainable. 

Characteristics of Zeon Tubes 

The efficiencies of high-voltage gaseous 
tubes are to some extent dependent upon 
the conditions of installation, lengths of 
tubes, diameters, operating currents, and, 
in the case of Zeon tubes, the point on the 
saturation curve on which the fluorescent 
coating is being activated. In general, 
the longer lengths of tubing will have the 
highest efficiencies due to the fact that a 
large part of the power losses occurs at the 
electrodes. 

The following average efficiencies may 
be expected: 


Blue... 20-25 lumens per watt— 

activation mercury 

Green. 45-60 lumens per watt- 

activation mercury 

Orchid.20-25 lumens per watt- 

activation mercury 
Warm White .... 30-35 lumens per watt— 
activation mercury 

Cold White. 30-35 lumens per watt— 

activation mercury 

Yellow.18-20 lumens per watt— 

activation mercury 

P ink .15-20 lumens per watt- 

activation mercury 

Gold.12-16 lumens per watt- 

activation neon 

Salmon.12-16 lumens per watt- 

activation neon 

Rose...12-16 lumens per watt- 

activation neon 
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Comparison 


A comparison between standard non- 
fluorescent tubes and the new fluorescent 
tubes reveal the fact that the efficiencies 
have been increased by the following per¬ 
centages: 

Green 1,200 per cent 
Gold (neon) 1,200 per cent 
Blue 100 per cent 

Comparisons of the other new colors 
with ordinary gaseous-tube sources are 
useless because the new colors were not 
commercially obtainable in any form 
previously. 

A comparison of fluorescent tubes with 
incandescent sources for the production of 
colored light reveals the following in¬ 
creases in luminous efficiencies: 



Green.4,000 per cent 

Blue...3,000 per cent 

Gold (neon). 100 per cent 

White (warm). 250 per cent 

White (cold)... 350 per cent 

The color of neon fluorescent tubes is to 
a large extent dependent upon the cur¬ 
rent, as the apparent color is a combina¬ 
tion of the line spectrum of neon and the 
continuous but distributed spectrum of 
the fluorescent coating. 

The neon emission may be roughly con¬ 
sidered as following a straight line in the 
lower current values. However, the 
fluorescent material follows a saturation 
curve. For this reason, the color of any 
individual neon fluorescent tube changes 
from a hue associated with the fluorescent 
material to a reddish color, as the current 
is increased. 

It is found that if the color is to be 
maintained and higher tube currents are 
indicated as a means of increasing the 
light output, the larger-diameter tubes 
must be used for neon fluorescence. In 
this way, the balance between the light 
from the neon spectrum and the light 


Figure 6. Ford showroom, Paris Fair 1937 


from the fluorescent materials is main¬ 
tained. 

Winter Operation 

The question of winter operation of 
high-voltage gaseous tubes; has always 
been a serious one. Although neon tubes 
are not subject to any ill effects, when 
mercury is used the cold weather causes 
a condensation of the mercury and a con¬ 
sequent dimming of the tube. 

For this reason, in the colder sections 
of the country the main features of signs 
have been always outlined in either he¬ 
lium or neon tubes. However, with mer¬ 
cury fluorescent tubes the multiplicity 
of colors will be available for practically 
all uses. Although the cold weather 
causes a reduction of the light output, 
the intensity is so high that the reduced 

Figure 5. Radio building, Paris Fair 1937 



light output obtained in cold weather is 
acceptable. Neon fluorescent tubes are 
not subject to any reduced efficiency in 
cold weather and the new shades will 
allow considerable freedom from the basic 
colors previously obtainable. 

General Practice 

Fluorescent tubes will be actuated by 
high-voltage high-reactance transformers 
and the methods of connection and in¬ 
stallation will be in general similar to 
those previously used in sign work. 

Transformers may range from 1,000 to 
15,000 volts. Currents of from 12 mil- 
liamperes up to 500 milliamperes are an¬ 
ticipated. General practice will fall into 
a range of between 12 and 60 milliam¬ 
peres. 

Standard transformers operate at a 
power factor of about 50 per cent. Trans¬ 
formers are obtainable with the power 
factor corrected to over 90 per cent by 
means of condensers. 

D imming 

Dimming may be accomplished by 
means of voltage control devices in the 
primary circuits of the transformers or by 
adjustable chokes. It is not possible to 
get a complete variation from full inten¬ 
sity to darkness. At the lowest point 
from 15 to 25 per cent of the light re¬ 
mains. It lias been found, however, 
that this is not a particularly inconven¬ 
ient arrangement, due to other considera¬ 
tions. 

The most common requirement for 
dimming is in theatrical work. In such 
locations, multiple colors are also re¬ 
quired and by proper adjustment certain 
colors or groups of tubes are switched out 
successively, so that gradual light dimi- 
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Figure 7. Pylons, New York World’s Fair 
1939 


tuition is effected. The best results 
where dimming is required are obtained 
when the tubes themselves are concealed 
and all other installations must be de¬ 
signed with special care. 

The neon fluorescent tubes previously 
discussed would change color with change 
in intensity and hence they would not 
lend themselves readily to dimming. 

Fluorescent tubing will be available in 
sizes from eight millimeters up to 35 
millimeters. Power consumption will 
range from one-half to 25 watts per foot 
of tubing, depending upon the current, 
diameter of the tubing, and whether the 
tube is designed for use in the colder 
climates, or not. Where cold weather is 
encountered the fluorescent tubes are 
specially treated to give them such 
characteristics that temperature changes 
will have the least effect. 

Color Combinations 

It is desirable in many installations to 
obtain a white effect by a combination of 


gaseous tubes of different colors. In 
this way multiple effects may be obtained 
and if dimming is included in the installa¬ 
tion, numerous attractive variations will 
be available. In addition, the more effi¬ 
cient green tubes may be made use of. 
Listed below are the possible combina¬ 
tions of tubing that will result in sensa¬ 
tions of white light: 


Combination Result 

Red (neon) regular-green.. .Slightly 

deficient in blue 

Gold-pink.Pinkish 

amber 

Green-gold.Deficient in 

blue 

Pink-green.Good 

Gold-blue...Good 

Red (neon)-green-blue..Offers wide 

range of hues 


Application of Zeon Tubing 

Numerous uses have already been made 
of high-voltage fluorescent tubes both 
here and in Europe and these uses have 
not been limited to advertising, but have 
also included decorative lighting. A 
typical example of the combination of 
architectural effects with an advertising 
display is shown in figure 2. Lines of 
green fluorescent tubing operating at 30 
milliamperes were carried up behind the 
joints of a glass-block wall. 

The fluting on the interior surface of the 
blocks ran vertically so that the effect of a 
multiplicity of tubes was obtained. 
Against the glass blocks as a background 
was silhouetted a ruby colored neon 
sign. The effect of the red-colored light 
is augmented by the complementary value 
of the green background. 

An outstanding effect was obtained by 
using a triple row of blue fluorescent tubes 
in a recessed letter sign (figure 3). In this 

Figure 8. Booth sign/ New York World's 
Fair 1939 


installation 60 milliamperes were used on 
a 12-millimeter tube. The result was 
outstanding without following the usual 
trend to red neon. 

Numerous installations have been 
made where fluorescent gold tubing has 
been substituted for helium gold. Such 
installations have resulted in power sav¬ 
ings up to 80 per cent. However, it is 
felt that Zeon tubes will in general not 
affect loads materially because of the 
tendency to use higher intensities not 
available previously. Zeon tubing has 
also been used for the illumination of 
marquees. In an installation at the 
Hampshire House in New York a neon 
gold tube was substituted’ for amber 
bulbs and a power saving of 50 per cent 
was effected. 

The greatest of the installations of high- 
voltage tubes up to the present time was 
at the Paris Exposition of 1937. Liter¬ 
ally, miles of tubing were installed and 
such spectacular effects were obtained as 
the lighting of the Eiffel Tower base 
(figure 4) and the radio building (figure 
5). In addition, a number of indoor 
lighting effects were obtained. Typical 
of these was the Ford showroom installa¬ 
tion (figure 6). 

Other installations were made for 
parapet lighting and in coves (figures 
4,5,6). 

The Future Uses of High-Voltage 
Gaseous Tubes for Architectural 
and Advertising Effects 

As the World of Tomorrow, the pre¬ 
view of the New York World’s Fair 1939 


Figure 9. Information sign and pylon/ New 
York World’s Fair 1939 
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gives us some idea of the architectural 
uses to which this new medium may be 
adapted. 

Serpentine tracery on the pylons (fig¬ 
ure 7) gives a beautiful night-time effect. 
One-inch-diameter tubes were used. One 
hundred milliamperes flowed through two 
rose-colored tubes and 50 milliamperes 
were used on the green tubes. 

Blue fluorescent tubes behind a plastic 
resulted in an attractively illuminated 
silhouette sign operating with remarkable 
economy (figure 8). 

Circles of blue and warm white tubing 
provided general illumination around a 
booth and a neon gold tube concealed in a 
reflector gave a golden glow to the in¬ 
formation sign (figure 9). The circles 
were of 18-millimeter tubing and op¬ 
erated at 60 milliamperes. The gold 
neon tube operated at 60 milliamperes 



Figure 10. “Aqualons," New York World's 
Fair 1939 

and was 24 millimeters in diameter. 

An outstanding night effect was ob¬ 
tained by actually installing high-voltage 
blue tubing below the water level in the 
“aqualons” shown in figure 10. This 
color was set into contrast by the gold 
tubes located in the vertical cylinders 
above. Bubbles rising through the water 
gave a shimmering effect. These units 
provided general street illumination in 
their immediate area, in addition to their 
purely decorative features. 

The jobs indicated represent only a 
small part of the designs that have been 
completed by the World’s Fair engineers, 
Bassett Jones and Morgan, Hamil and 
Engelken, and it is certain that the New 
York World’s Fair will develop many 
new uses of high-voltage fluorescent tubes 
and will serve as a true indication of fu¬ 
ture trends. 
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Reactance of Square Tubular Bus Bars 


By H. B. DWIGHT 

FELLOW AIEE 

S QUARE tubular bus bars are coming 
into use to an increasing extent, as 
they are economical and convenient for 
joining to insulators and to branch cir¬ 
cuits. The reactance of bus-bar circuits 
is frequently of importance, in order to 
compute the voltage drop under normal 
conditions and the current under short- 
circuit conditions. The purpose of this 
paper is to present formulas and curves by 
which the reactance of square tubular bus 
bars may be determined. 

In a few cases, the inductance of bus 
bars can be expressed by simple formulas. 
For instance, the inductance of round rods 
is 

s 1 

L « 2 log*-b t abhenries per centimeter 

r 2 

as used in power-line computations. For 
round tubular bus bars, expression (13), 
given by Clerk Maxwell 1 may be used. 
This is expressed in (14) in this paper in 
the form of a convergent series, for greater 
convenience with usual shapes of tubes. 
For copper straps, expressions are avail¬ 
able, but if the thickness is proportion¬ 
ately large or the spacing small, as fre¬ 
quently happens, the length of the mathe¬ 
matical expressions is almost prohibitive, 
and the only practical method of com¬ 
putation seems to be by means of pub¬ 
lished curves, as given in reference 2. 
Similarly, the curves given in this paper 
in figures 1, 2, and 3 for square tubular 
bus bars may often be more convenient 
than the formulas 8,11, and 15. 

Commercial square tubular bus bars 
have rounded comers with outside radius 
of curvature from about three-eighths 
inch to three-fourths inch and they have 
a wall thickness from about one-eighth 
inch to one-half inch. However, the re¬ 
actance is nearly the same as that of a 
very thin, hollow, square tube. The two 
features of rounded comers and thick walls 
are brought into the calculation by ap- 

Paper number 38-79, recommended by the AIEE 
committee on power transmission and distribution, 
and presented at the AIEE summer convention, 
Washington, D. C., June 20-24, 1938. Manuscript 
submitted March 2, 1938; made available for pre¬ 
printing June 0, 1938. 

H. B. Dwight is professor of electrical machinery 
at Massachusetts Institute of Technology, Cam¬ 
bridge; T. K, Wang is a former graduate student 
in electrical engineering at that institution. 

The calculations in this paper were made in connec¬ 
tion with a thesis at Massachusetts Institute of 
Technology, 

1. • For all numbered references, see list at end of 
paper. 
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NONMEMBER AIEE 

proximate methods in such a way that 
the error in the net reactance is estimated 
to be less than one per cent for practical 
cases in common use. 

In order to save time in determining 
reactances, curves are given in figures 1, 
2, and 3 which show, respectively, the re¬ 
actance of thin square tubes, assuming 
uniform distribution of current, and the 
approximate corrections for rounded 
corners and thick walls. 

Infinitely Thin Square 
Tubular Conductors 

The inductance L of two duplicate, 
parallel conductors forming a return cir¬ 
cuit, assuming uniform current distribu¬ 
tion, is 

M 

L =* 2 log € ~ abhenries per centimeter of 

conductor (1) 

where loge denotes natural logarithm, 
where M is the geometric mean distance 
between the two cross sections, and T is 
the geometric mean distance of one of the 
cross-sectional areas from itself, that is, 
the self geometric mean distance of the 
section. 

The logarithm of the geometric mean 
distance between two areas is defined as 
the average of the logarithms of all pos¬ 
sible distances from points on one area 
to those on the other, and the logarithm 
of the self geometric mean distance is the 
average of the logarithms of all possible 
distances between two points on the area. 
See Maxwell, “Electricity and Magne¬ 
tism,” paragraph 691. 

The logarithm of the self geometric 
mean distance of a hollow square is de¬ 
rived in the appendix and is 

log e T = log 6 a + ~ log. 2 + - — (2) 

4 4 2 

= log e a - 0.5413 (3) 

= log e 0.582a (4) 

where a is the length of a side of the 


square. 

• Also, as derived in the appendix, 



where 5 is the distance between centers of 
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two squares whose sides are parallel and 
perpendicular to 5 . If the sides are not 
perpendicular to $, as sometimes occurs 
with triangular spacing, the change in the 
reactance is in the terms in (a/s) A and 
higher powers. Their effect in usual 
cases is negligible, as shown in example I. 
From the above equations, 

JL « 2 log € — + 1.083 + 

m-m- “> 

abhenrics per centimeter of conductor 

For square tubular conductors widely 
separated, 


comparison, the reactance of a thin round 
tube with the same diameter and spacing 
is 

10 * 

X - 120* X 140.4 X 10" 6 logic — 

1 .J&0 

= 0.0479 

which is approximately eight per cent 
greater than the other value. The re¬ 
actance of a thin round tube large enough 
just to enclose the square tube described, 
is 

10 


JL e 
or 
L ■ 


2 Iok* - + 1.083 


•V 

2 log,-abhenries per centimeter 

0.r>82tt 


Changing lo practical units, the reactance 
of thin square tubular conductors is 

A', = 2rf 140 4 X 10 “• jjk)g, 0 ^-+ 0.235 + 

0.0108 - 0.0102...J 

ohms pur 1,000 feet of conductor (8) 

where/ = frequency in cycles per second. 
See the curve in figure 1. 

Example I 

The reactance per 1,000 feet of a thin 
square tube of 2.5 inches diameter, that 
is, the distance between opposite sides, 
and 10 inches spacing, center to center, at 
60 cycles is, by (8), 


Xi « 120*- X 140.4 X 


10 ^logw ~~ + 0.235 + 0.00004 

« 0.0443 ohm per 1,000 feet of conduc¬ 
tor 

The terms in a A /s\ etc., are less than 0.01 
per cent of the total, in this case. For 


10 


X = 120* X 140.4 X 10-« logio - ^^ 

= 0.0398 

that is, approximately ten per cent less 
than the value for the square tube. 

It is seen from this example that the 
average of the reactances of an inscribed 
tube and a circumscribed tube is a fairly 
close approximation to the reactance of a 



2 log* 


•••) 


0.595a 


Figure 2. Increase caused by round corners 

square tube. This is equivalent to stat¬ 
ing that the inductance of thin square 
tubes is approximately 




This approximation is not to be recom¬ 
mended for engineering calculations, 
since it is not more convenient in any way 
than the corresponding expression (7) for 
square tubes. 

Effect of Rounded Comers 

Let the thin, square tube with rounded 
comers of radius r be replaced by a square 
tube with notches of side c at the comers, 
as shown in figure 4. The cross-shaped 
figure will lie along the mean position of 
the curves and will/have nearly the same 
inductance, if the two figures have the 
same area. Then, 


Figure 3. increase caused by thickness of 
tubes 


the outside and inside radii of the comers 
of a thick tube. See figure 2. 

Putting the self geometric mean dis¬ 
tance of the cross-shaped figure equal to 
r', there is obtained the correction 

loge T - log. r = (^Jj logej + 

(M)(fK(0 - : -<■“> 

This gives such a small correction in 
practical cases (see example II and figure 
2) that the corresponding change in log* 
M caused by rounded corners is seen to be 
negligible. 

Then the increase in reactance due to 
the rounded comers is, by (10), 

, 2 a 

AiX - 2«•/ 140.4 X 10-* I l — ) logio T + 

0.310 + 0.217 

Am; per 1,000 feet of conductor (11) 
where c = 0.463r, from (9). 


■Kl) 
•({)■] 


(9) 


,2 * r a *= O.2140r 2 

C 4 

c p.463r 

In practical cases, r is to be taken not as 
the outside radius but as the average of 
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Example II 

Let the comers of a 2.5-inch thin, 
square tube have a radius r = 0.5 inch 
and let the spacing s be 10 inches, center 
to center. 

c/a - 0.463 X 0.5/2.5 « 0.0926 

c*/a 2 - 0.0086 

Reactance of tube with square comers 
0.0443 ohm per 1,000 feet by (8), ex- 

ampie I. A 

Increase in reactance due to rounae 

comers . 

, 12 0t X 140.4 X 10-‘ (0.0089 + 0.0027+ 

0.0002 ...) 

= 0.0006 ohm per 1,000 feet by (11)- 
The increase in reactance for this extreme 
case is 1.4 per cent 
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Effect of Thickness 


If a thin square tube of side a has the 
same inductance as a thin round tube of 
diameter d, the self geometric mean dis¬ 
tances will be equal; that is, from (4), 

d 

- = 0.582a 

d - 1.164a (12) 

Corresponding thin tubes just inside 
these outer layers will have very nearly 
equal geometric mean distances and there- 



Figure 4. Approxi¬ 
mation to thin tube 
with rounded cor¬ 
ners 


fore the increase in inductance, due to 
thickness, of a commercial square tube 
will be approximately the same as for a 
round tube of the same thickness and with 
1.164 times as large a diameter. 

The logarithm of the self geometric 
mean distance (GMD) of a round tube of 
outside diameter d and inside diameter v 
is 1 


r d 
« - 


i ^ 3 ”‘ 




(13) 


2 '4(d*-»«) 

Expanding in powers of the thickness 



log f GMD -log. f - | 7 + 


<“> 


Putting d = 1.164 a, the increase in re¬ 
actance, due to thickness, of a square tube 
of outside diameter a is 


AiX = 2vf 140.4 X 10”® X 


^0.249^-- 0.073 ^y~0.095 (~J- ■ •] 
ohms per 1>000 feet of conductor (IS) 


The increase is six per cent of 0.0443 
(see example I). 

Groups of Conductors 

The reactive drop in each conductor of 
a three-phase circuit or in each conductor 
of other groupings of parallel conductors, 
can be expressed in terms of single-phase 
reactances by first expressing them in 
terms of self-inductances and mutual in¬ 
ductances and then arranging them in 
pairs. 

Thus, let the currents in conductors a, 
b t Cy d, etc., in a given direction be I at 
h, I ct I d , etc. These may be polyphase 
currents or some of them may be the cur¬ 
rents of branches in parallel. In any 
case, since a complete system of currents 
is specified, their sum is zero. 

Voltage drop in conductor a, whose resist¬ 
ance is R , 

« V a - RI a + 

j<a [I a I>a + IbMab 4" Ic^ac + Id^ad < • • 1 

where the inductances are computed by 
taking into account flux up to a certain 
large distance u. 

Put 

la = lb Ic Id • • • 

V a = RIa - MO* ~ M ab )I b + 

(L a -M t JI c + (L a -M'AI d ...1 

Each* of the quantities in parentheses is 
the inductance of a single-phase circuit 
of conductors a and 5, a and c, etc. The 
quantity u cancels out in each. Thus, 

v a - I a R-JllbXab + IcXac + hXud- •. 1 

(16) 

where X ab is the reactance of the return 
circuit made up of conductors a and b, 
etc. 

In a similar way, V b , V c , etc., can be 
computed and so the formulas and curves 
given in this paper are sufficient for com¬ 
putations for polyphase circuits and for 
conductors in parallel, where the con¬ 
ductors are alike. This has been de¬ 
scribed already for the case of solid rec¬ 
tangular conductors. 2 


Example III 

Let the outside diameter of a square 
tube be a = 2.5 inches, the thickness t ~ 
0.5 inch, and the spacing s — 10 inches, 
center to center. 

t ; . ■ 

- = 0,20 

a 

Increase in reactance due to thickness 

= 120a- X 140.4 X 10”« [0.0498-0,0006- 

0.0002 ;. •] 

* 0.0026 ohm per 1,000 feet by (15) 

764. 


Example V 

A three-phase bus-bar circuit is com¬ 
posed of eight-inch-square tubes arranged 


Figure 5. Two parallel lines 



in a plane, at 24 inches spacing, center to 
center. The wall thickness is three- 
eighth inch and the outside radius of the 
corners is three-fourth inch. Determine 
the drop in 200 feet for balanced three- 
phase current of 5,000 amperes at 60 
cycles. 


Let the three conductors be a, b, and c. 


r 

a 


0.75 + 0.375 
2X8 


0.0703 


- = 0.0703 X 0.463 = 0.0325 
a 

t 0.375 

a 8 

From (8), (11), and (15) or from figures 1, 2 
and 3, 

X ab « X be - 0.00754 -f 0.00002 4* 0.00012 

«■ 0.00768 ohms for 200 feet 

X ac - 0.01073 + 0.00002 + 0.00012 

= 0.01087 ohms for 200 feet 

Resistance = R = 6.000138 ohms for 200 
feet. 

Let 

I a = 5,000 

I b - 5,000 (-0.5 + 7O.866) 

I c = 5,000 (-0.5 - 7O.866) 

From (16), V a - -13 + 746 
Similarly, 

V b « -34 - 7*19 V c = 33 - 786 

\V a \ *= 48 volts 17 & | = 38 volts 

| V c \ =*49 volts 

The drop in the voltage between conduc¬ 
tors is obtained by subtracting vecto- 
rially V 6 from V a , etc. 


Appendix 

The logarithm of the geometric mean dis¬ 
tance of a straight line from itself is 

log* a - 3/2 (17) 

where a is the length of the line. See ref¬ 
erence 1. The logarithm of the geometric 
mean distance of one side of a square from 
the opposite side, where the side is a, is® 

, • V. 3 

log.a + J-J (18) 

The logarithm of the geometric mean dis¬ 
tance of one side from an adjacent side is 
a a 

MS log. (* a + y*) dx dy 

0 0 ' 

- log. a + - log. 2+-j - j (19) 
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For the four sides of the square, 

log. GUP - ~[(1T) + (18) + 2 X (19)1 

1 it 3 

“* a + —log* 2 +■— - — 

4 4 2 

( 20 ) 

as in (2). 

The logarithm of the geometric mean dis¬ 
tance of two lilies (figure 5) of lengths a and 



Figure 6, Two square tubular bus bars 


b drawn perpendicular to a line of length s 
at its ends and on the same side of it, is 

h (l 

j' I* -“log. (s* + (* - y) 11 } dxdy 

*0 0 

- if' t' s - («•- *0*1 >°B. {** + 

ah L 4 

(« - /i) a i + 7 (« s - .«*) log, (a* + s-) + 

4 

L (/,« ,s'i) log* (/> 2 + .V 2 ) + 

4 


log* 62c = — -j“ — log*. l(£ + 1)^1 - . 

P 8 log* (pa) H---log* {(p - l)a} — — 

(24) 

See reference 3, equation 130. 

log.Gjs = -1 {(#> + 1) S — 1} X 
4 

log,{(p + l)* + l} “ | (/> 4 -D X 

log,(#> 2 + l) + j{(f> - l) 4 - 1} X 

log, {(/> - l) 4 + 1} + log,a + (P + 1) X 
tan" 1 (p + 1) - 2 p tan -1 p + 

(p - 1) tan" 1 (p - 1) - (25) 

In averaging these and corresponding ex¬ 
pressions, similar terms can be combined; 
The geometric mean distance of one hollow 
square from the other is given by 

log, M - -1 UP + 1) log, {(.p + l) 4 + 11 - 

(A* — 1) log, {p i + 1) - (P - 1) X 
log«{(£ - l) 4 + l) +(? + D 4 X 
log, (P + 1) + (P “ 1 ) 4 lo »«^ - !) + 

8 log, a - tan-* (#>+l) + 

(p*-2p) tan-*(#>-1) - 

4 p tan -1 p + 4ir p — 12] (26) 

For putting this expression in the form of 
a power series, the following may be used: 


for rounded corners, on the basis of uni¬ 
formly distributed current. This procedure 
is sufficiently accurate for most engineering 
calculations. 

For widely spaced conductors of small or 
moderate wall thickness at 60 cycles, the 
current division within the conductors will 
be sufficiently uniform so that the method 
used by the authors will be applicable 
without any corrections. The proximity 
effect will not appreciably affect the re¬ 
actance values unless the spacing between 
tubes is relatively small, that is, not over 
three or four times the tube diameter. 

Nonuniform current division due to 
proximity effect and skin effect for the 
conductor arrangements under considera¬ 
tion, ordinarily has a greater effect upon 
resistance than upon reactance. This is all 
the more important since the resultant 
effect is to increase the resistance. 

Mathematical determination of resistance 
and reactance for solid rectangular or square 
conductors, taking into account nonuniform 
current density caused by skin effect and 
proximity effect, would be extremely com¬ 
plicated, and it is more likely that the 
answers will be obtained by measurements 
during tests. 

H. W. Papst (nonmember) and L. F. 
Hickemell (both of Anaconda Wire and 
Cable Company, Hastings-on-Hudson, 
N. Y.): This paper is a welcome contribu¬ 
tion to fundamental theory for predeter¬ 
mining the electrical characteristics of 
heavy-current conductors, deriving formulas 
for calculating reactance of square tubular 


i (i — b , 

- v 8 log* s s (a — b) Ian" 1 —* h 


as tan"* 1 4“ hs tan 
s 


- 7 -H 


There appears to be a misprint in the ex¬ 
pression in reference 1, paragraph 692. 
Putting a 328 b, 

v a 1 / .? 2 \ 

log, a,u ~ log. 

2.v b 3 /aa\ 

log* (/> 2 *F .v 2 ) + ~ tan~ l j - - (22) 

as in reference 3, equation 132. Gu is the 
geometric mean distance of sides 1 and 5 in 

figure 6. . , A 

Putting s “ b, equation 18 is obtained. 
Sec reference 3, equation 133, 

a a 

log, G„ (figure 6) - ~ J Jlog, {y‘ + 
o o 

(pa + x)*}dxdy 

- t±l log. {'i+;(* + «■} - 
2 

— logt(p* .+• 1) + d + 

2 

Ijl - (p + l) 4 } tan -1 (P + 1) + 
i (p* - 1) tan -1 p + 

- i (B > 

Log, Gu is obtained by putting p - p - 1 
in (23). 
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1 13 

tan ' 1 (p + i) = ~ ~p + p*~ 

i_— (27) 

bp* 3 f 7p' 9f>° 6?” 

v * 1 1 2 ,_L. 

tan" l (/> - 1 ) - 2 ~ p 'pi 3 pi + 5 p ‘ + 

_£_.iJL . . . (28) 

3p‘ 7p 1 9 p> 5/) 10 

, i/«V’ 17 /iV- 

log, M •= log.s + “J ~ m \s ) " 
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Discussion 

O. R. Schurig (General Electric Company, 
Schenectady, N, Y.): The-authors have 
done a good piece of work in denvmg 
formulas for calculating the reactance of 
square tubes, Their method is to calculate 
the exact reactance for hollow square con¬ 
ductors with infinitely thin walls and then 
to make correction for wall thickness and 
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busbars. 

From a practical design standpoint, we 
wish to point out that this type of bus is 
subject to the same limitations as the round 
tubular bus; namely, it is inefficient for 
heavy currents (that is, 4,000 amperes and 
above). This inefficiency is due to the fact 
that the inner surface is entirely ineffective 
for dissipating heat unless the tubing is 
cooled from the inside artificially by the use 
of circulating water or oil or forced air 
ventilation. „ „ 

Another disadvantage of all tubular-type 
of busbars is the expense and difficulty m 
making joints and taps. Round tubes 
require expensive fittings and clamps. 
Square tubes require drilled and threaded 
holes for attachment of fishplates by means 
of cap screws without nuts. The bearing 
for the cap screw threads in the copper of 
the tube is inadequate for mechanical and 
electrical connection during load cycles 

resulting in local heating. _ 

These objections are overcome by the use 
of channels or angles damped in the form 
of an open square or rectangle. The open 
longitudinal slot at top and bottom of the 
bus provides natural ventilation for the 
inner surfaces due to the so-called chimney 
effect. ” This arrangement greatly increases 
the current-carrying capacity per unit cross- 

section for a given temperature rise an 

hence the efficiency. 

Joints and taps for the channel and angle 
arrangements are very simplyeffectedby 
means of fishplates attached by m ?^ the 

bolts and nuts. This requnes only that tb 

channel or angle be drilled (not th read ed)- 
Adequate mechanical and electrical 
tion is assured by the use of a nnt on 
bolt. 



Within practical design limits, the 
Dwight-Wang formulas can be used without 
modification for calculation of the reactance 
of channel or angle square busses although 
a small difference will result. 

Design engineers will find the curves in 
the publication, "Anaconda Copper Bus 
Conductor" (Publication No. C-25, second 
edition, 1938) very convenient for the 
determination of the electrical characteris¬ 
tics of aU types of busses. 

A comparison for a typical case between 
the results obtained from the Dwight-Wang 
formulas and the above reference is as fol¬ 
lows: 

Comparison of Voltage Drop in Square 
Tubular Busses 

Reac¬ 
tance Prop 
at 60 for 
Cycles 1,000 
(Ohms Amperes 
Bus Type of per 10-Inch 

Size* Copper 1,000 Spacing Author- 


(Inches) Bus 

Feet) (Volts) 

ity 

2.5.. .Square tube 
(rounded 
corners) .. 

.. 0.045.. .45... Dwight-Wang 

2.5...Channel 

square 


f Anaconda 

bus. 

.42... 

Publication 



1 C-25, fi gw 
[ ures 18-19 


* Interpolated to place on same basis (0.4-inch 
wall). 


H. B. Dwight: Referring to 0. R. Schurig’s 
discussion, the change in resistance caused 
by proximity effect in round tubes when the 
axial spacing is greater than two times the 
diameter, is less than about 15 per cent, as 
shown by figure 3, "Skin Effect and Prox¬ 
imity Effect in Tubular Conductors," 
AIEE Transactions, 1922, page 189. 
The change in inductance for such spacings 
is considerably less than 15 per cent, for 
round or square tubes, and is practically 
negligible in usual engineering applications, 
as stated by Mr. Schurig. 

Formulas, some of them semi-empirical, 
for the a-c resistance of hollow, square 
busbars have been given by A. H. M, 
Arnold, IEE Journal (England), May 1938, 
volume 82, page 537. His formulas agree 
with measurements within 2.4 per cent or 
less, including limiting cases. 

In the second paragraph of the discussion 
by H. W. Papst and L. F. Hickemell, it 
does not seem quite right to say that the 
inner surface of square tubular busbars is 
entirely ineffective for dissipating heat 
except for longitudinal cooling by liquids 
or forced air, because most of the square 
tubular busbars made in this country, such 
as those manufactured by the Chase Brass 
and Copper Company of Waterbury, 
Conn., have regularly spaced ventilating 
holes, which lower the temperature for a 
given current by providing natural cooling 
for the inner surface. 

Also, square tubes do not necessarily 
require cap screws, but the standard ar¬ 
rangement with square tubular busbars Js 
to provide nut plates inside the tubes which 
are placed there during fabrication. These 
plates carry the threads and give the re¬ 
quired mechanical strength and the elec¬ 
trical contact inside and outside of the tube 


Absolute Power Factor of Air 
Capacitors 

By W. B. KOUWENHOVEN E. L. LOTZ 
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A S THE sensitivity of measuring 
equipment has been improved, it 
has become evident that all air capacitors 
are not loss free. The high sensitivity 
bridges used today in dielectric investiga¬ 
tions measure the difference between the 
power factor of the standard air capacitor 
and of the specimen in the test capacitor. 
To determine accurately the loss in the 
specimen the value of the absolute power 
factor of the standard should be known. 

In this investigation seven air capaci¬ 
tors of different types of construction 
were studied. In the preliminary tests 
it was determined that the power factor 
was independent of the voltage stress and 
that it varied with the separation of the 
plates. The results of these studies led 
to the development of a method of* deter¬ 
mining the absolute power factor of an air 
capacitor. In addition, data are pre¬ 
sented on the effects produced by the de¬ 
gree of polish of the electrode surfaces, 
by the width of the gap between the meas¬ 
uring electrode and its guard ring, and 
by the presence of water films on the 
plates. 

Test Equipment 

All of the measurements were made in 
a high sensitivity Schering bridge of the 

Paper number 38-96, recommended by the AIEE 
committee on instruments and measurements, and 
presented at the AIEE summer convention, Wash¬ 
ington, D: C., June 20-24, 1938. Manuscript sub¬ 
mitted April 14, 1938; made available for preprint¬ 
ing May 27, 1938. 

W. B. Kouwbnhovbn is professor of electrical 
engineering and dean of the faculty of engi¬ 
neering at The Johns Hopkins University, Balti¬ 
more, Md.: E. L. Lotz, formerly a graduate stu¬ 
dent at The Johns Hopkins University, now is em¬ 
ployed as a research engineer at the New Jersey 
Wood Finishing Company, Woodbridge. 

1. For nil numbered references, see list at end of 
paper. 
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type developed by Kouwenhoven and 
Banos. 1 Each capacitor studied was 
equipped with guard rings and the po¬ 
tentials of the guard and measuring elec¬ 
trodes were brought to the same value 
when the bridge was balanced. The de¬ 
tector circuit consisted of a two-stage 
resistance-capacitance-coupled amplifier 
feeding into an a-c galvanometer with 
separately excited field. The power 
supply was furnished by a General Elec¬ 
tric Company sine-wave generator. 

The power factor sensitivity of the 
bridge circuit with an applied potential 
of 4,000 volts, and with capacitors of the 
order 20 to 100 micromicrofarads in its 
arms was 1 X 10” 6 . When large ca¬ 
pacitors were tested, the sensitivity was 
greater and differences in power factor 
of 0.5 X 10“° could be detected. 

Metal enclosures or boxes were pro¬ 
vided in which the capacitors were placed 
while under test. These boxes were held 
at a constant temperature of 28 de¬ 
grees centigrade by means of thermostatic 
control. 

Capacitors 

The capacitors used in this investiga¬ 
tion are listed below, each one being des¬ 
ignated by an appropriate symbol. The 
plates of all of these capacitors were of 
brass. 

Capacitor Cp was a cylindrical pressure 
capacitor which was made with three 
coaxial brass tubes, one-eighth inch 
thick, mounted in a vertical position with 
the central tube acting as the high-volt¬ 
age electrode. The entire assemblage 
was mounted inside a one-inch-thick iron 
pipe and operated at 100 pounds pressure 
of carefully dried dean air. The capad- 


wall. Also, the square tubes are very 
suitable for welded or brazed connections 
and these are being used to an increasing 
extent. 

The problem of the 1,000-foot circuit 
solved by means of figures. 18 and 19 of 
Anaconda Publication C-25 is a three- 
phase problem, and requires the use of two 
single-phase reactances, one for 10-inch 
and one for 20-inch spacing. This would 


increase the calculated value of average 
reactance drop somewhat. While figures 
18 and 19 give fairly good results, both the 
convenience and the accuracy would be 
improved by plotting reactance drop on a 
base of spacing divided by self-geometric 
mean distance and avoiding the use of the 
correction factor of figure 19. This would 
require tabulating the self-geometric mean 
distance of each conductor. 


766 


Kouwenhoven, Lotz— Capacitor Power Factor AIEE Transactions 




tor which was constructed in 1931 by 
W. B. Kouwenhoven and Berberich 2 was 
shielded throughout having both guard 
rings and shields. 

The high-voltage electrode was 23 
inches in length; the low-voltage elec¬ 
trodes were each 9 inches in length; and 
the guard rings were each 4y 2 inches 
long. The capacitance of the measuring 
electrode was 517 micromicrofarads and 
that of the guard was 527 micromicro¬ 
farads. The spacing between the high- 

CAPACITOR CF 



Figure 1. Schematic diagram showing con¬ 
struction of capacitor Cf 



Figure 2. Construction of glass-enclosed 
capacitors Cl, C2, C3, C4 


voltage electrode and the low-voltage 
plates was 200 mils. 

Capacitor Cf was constructed of two 
one-quarter-inch-thick brass plates 
mounted in a horizontal position and sup¬ 
ported on bakelite pillars. The bakelite 
pillars were in turn mounted on a metal 
plate which was grounded. A schematic 
diagram of the capacitor is shown in 
figure 1. The high-voltage plate was 

Figure 3. Photomicrographs of the capacitor 
plates at various degrees of polish. Magni¬ 
fication 100 diameters 


24 inches square and the low-voltage 
electrode was 18 inches square with a 
guard ring three inches in width. The 
separation of the plates could be easily 
adjusted by four set screws and the ca¬ 
pacitance thus varied from 70 to 800 
micromicrofarads. The entire capacitor 
was completely enclosed in a sheet-metal 
box. 

Capacitor Cu was a three-electrode 
capacitor consisting of a high-voltage 
electrode and two measuring electrodes, 
one mounted on either side, and all en¬ 
closed in a metal box. The plates which 
were mounted in a vertical position were 
supported from a grounded metal frame 
by bakelite supports. The electrodes 
were approximately 15 by 17 inches in 
size and the guard rings were l 1 /* inches 
in width. The separation of the plates 
was varied by means of screw supports 
and the capacitance range was variable 
from 80 to 900 micromicrofarads. 

Capacitor Cl was a small circular plate 
capacitor which was enclosed and sealed 
in a glass cell made of two Pyrex pie plates, 
whose lips were ground so as to form a vac¬ 
uum tight joint. The capacitor was a 
three-electrode capacitor having a high- 
voltage electrode nine inches in diameter, 
a measuring electrode six inches in di¬ 
ameter and a guard ring IV2 inches wide. 
All of the plates were made of one-fourth- 
inch brass and were polished to a mirror 
finish as described under the section on 
polishing. 

The method of mounting the plates is 
shown in figure 2. The low-voltage elec¬ 
trode and the guard rings were ground to 
fit the bottom half of the cell and the 
leads taken out by means of mercury 
wells. Shields were provided as shown 
in the figure. The high-voltage electrode 
was supported from the upper glass dish 
by m eans of three threaded brass rods. 
The separation of the plates was varied 
by wing nuts and this variation could be 
made without opening the cell. The 


capacitance range of the capacitor was 
30 to 100 micromicrofarads. 

Capacitor C2 was of the same construc¬ 
tion as capacitor Cl except that its plates 
were polished with number 200 carbo¬ 
rundum. The condition of the plate sur¬ 
faces is shown in figure 3. 

Capacitor C3 was also identical in con¬ 
struction with capacitor Cl and its 
plates were polished to the highest degree 
obtainable. The surface finish of the 
plates is shown by the photomicrograph 
of figure 3. 

Capacitor C4 was similar in construc¬ 
tion to capacitor Cl. Its plates were 
rough and contained grooves V32 inch 
deep. 

Surface Finish 

The study of the effect of the rough¬ 
ness of the surface of the electrodes on 
the power factor of an air capacitor was 
carried out with the small glass-enclosed 
capacitors Cl, C2, C3, and C4. The 
method of polishing was that employed 
by the physics department of The Johns 
Hopkins University in the preparation of 
diffraction gratings. The method con¬ 
sisted of using various sized carborundum 
particles in a water solution and grinding 
the surface of the plates by clamping them 
on a revolving spindle and using a lead 
lap. The initial polishing was ac¬ 
complished with a coarse carborundum 
number 80. This was followed by using 
in order number 200, 400, and 600 car¬ 
borundum. After grinding with the 
600 carborundum, number 600 emery dust 
in a water solution was used. At this 
stage the plate surfaces appeared very 
smooth to the eye. The final polish was 
given by using rouge and a buffer wheel. 
This gave a very high degree of polish and 
nearly 100 per cent of the incident light 
was reflected by the mirror-like surface 
of the plate. In figure 3 are shown 
photomicrographs of the plate surface at 
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various stages during polishing. These 
pictures were taken of the surfaces 
without any etching or further treatment 
other than the polishing. The magni¬ 
fication used was 100 diameters. 

Standard Conditions of Tests 

All of the measurements on the ca¬ 
pacitors were made at room temperature 
(28 degrees centigrade) and extreme care 
was taken never to allow the plates to 
become heated or to be exposed to agents 
which would accelerate oxidation. As 
far as was possible oxidation of the plates 
was reduced to an absolute minimum. 
The surfaces of the plates were maintained 
bright and were cleaned in accordance 
with a standard method, which consisted 
of washing them in varsol, alcohol, soapy 
water, and distilled water in the order 
named,* rubber sponges being used. 
After the distilled water treatment, dry 
air was blown over the surface of the 
plates for 15 minutes and then the plates 
were mounted in their respective con¬ 
tainers and allowed to ’ stand for 12 
hours before measurements were started. 

All of the measurements, except those 
where the effect of humidity was studied, 
were made in an atmosphere whose rela¬ 
tive humidity never exceeded 35 per cent. 

Experimental Results 

The seven capacitors described above 
were used in carrying out the investiga¬ 
tion. The first step was the study of the 
variation of the power factor with voltage 
stress. One of the small capacitors, the 
pressure unit, and the flat plate capacitor 
Cf were used, in this study. Next in 
order are given the theory and the ex¬ 
perimental results in connection with the 
method of determining the absolute power 
factor. Both large and small capacitors 
were used in this part of the work. The 
variation of the power factor with sepa¬ 
ration between the plates was then 
studied. Following this study, there is 
presented, a discussion of the equivalent 
circuit of a low-loss air capacitor. The 
next steps were the investigation of the 
xicr* 


effects of the roughness of the surface and 
of the width of the gap between the guard 
and the measuring electrode. In this 
work, the small units were used. Data 
are also presented on the variation of the 
power factor with the relative humidity 
in the room and in the final section, the 
results are given for the condition where 
a water film is present on the plates of a 
capacitor. 

Variation of Power Factor 
With Voltage Stress 
In the measurements of the variation of 
power factor with stress, a number of 
experiments were conducted. Only two 
of these will be presented here. The first 
test was made on the small polished ca¬ 
pacitor Cl and the capacitor Cf. These 
two capacitors were mounted in the bridge 
and their power-factor difference meas¬ 
ured as a function of the applied voltage. 
Capacitor Cl was set at 66.2 micromicro¬ 
farads capacitance (96 mils separation) 
and capacitor Cf was adjusted to a ca¬ 
pacitance of 65.6 micromicrofarads 
(1,100 mils separation). These adjust¬ 
ments gave voltage stresses in the two 
capacitors of a ratio of about ten-to-one. 
With the two capacitors at their respec¬ 
tive separations, the power-factor differ¬ 
ence was measured at four applied volt¬ 
ages giving stresses in capacitor Cl which 
ranged from 20 to 52 volts per mil, while 
the stress in capacitor Cf ranged from 1.8 
to 4.5 volts per mil. The results of these 
tests are given in table I and show clearly 
that the power factor difference was con¬ 
stant and independent of the voltage 
stresses for the range studied. 

In the second test capacitors Cp and 
Cf were used. Capacitor Cp had a fixed 
spacing of 200 mils between its plates. 
The separation between the plates of 
capacitor Cf was varied from 96.8 mils 
to 362.5 mils. Runs were made at four 
voltages ranging from 1,000 to 4,000 volts 
in 1,000 volt steps. The stress in the 
capacitor Cp varied from 5 to 20 volts 
per mil. The stress in the capacitor Cf 
was varied over wide limits ranging from 
2.76 volts per mil at its maximum sepa¬ 
ration and minimum applied voltage to 



41.3 volts per mil at its minimum sepa¬ 
ration and the highest applied voltage. 

The results of this test are plotted in 
figure 4. Four curves, one for each value 
of stress on Cp, are plotted in terms of 
power factor difference and the voltage 
stress on the variable capacitor Cf. At 
any given spacing of Cf, for example, 200 
mils, the power factor difference equaled 
5.5 X 10” 6 and is the same as shown by 
the points marked with circles on the 
four curves. At another plate separation, 
for example, 96.8 mils, the power factor 
difference equaled 3.6 X 10“ 6 and is the 
same for all four curves as shown by 
the points marked X. It is evident that 
the power factor varies with the separation 
of the plates and not as a function of the 
stress.. The effect of separation is dis¬ 
cussed in a later section of this paper. 

These four curves of figure 4 are re¬ 
plotted in curve A, figure 5 in terms of 
power-factor difference versus capacitance 
of Cf. When plotted this way, they all 
lie on the same straight line indicating 
clearly that the power-factor difference is 
independent of voltage stress. 

The results of these two tests were con¬ 
firmed by other tests and show definitely 



CAPACITANCE - MICROMICROFARADS 

Figure 5. Method of finding the absolute 
power factor of capacitor Cp 

Curve A — Power-factor difference, Cp versus 
Cf 

Curve B — Power-factor difference, Cp versus 
Cu 

Curve C—Power-factor difference, Cp versus 
Cf (after cleaning) 


that the power-factor difference is inde¬ 
pendent of the voltage stress, at least up 
to 50 volts per mil. 

Absolute Power Factor 

The determination of the absolute 
power factor of an air capacitor by the 
usual bridge methods is difficult, because 
the bridge measures the difference be¬ 
tween the power factor of the capacitor 
Cx in its unknown or specimen arm and 
that of the capacitor Cs in its standard 
arm. Balsbaugh and Moon 8 have pub¬ 
lished a method for computing the ab¬ 
solute power factor of a capacitor oh the 
basis of experimental results. 

T AIEE Transactions 




In the method here reported the ab¬ 
solute power factor is determined by tak¬ 
ing successive bridge measurements with 
the capacitor Cx held at a fixed value 
while the capacitance of Cs is varied by 
changing the separation between its 
plates. When the resulting power factor 
differences are plotted against the cor¬ 
responding values of the capacitance Cs, 
the points are found to lie on a straight 
line. If this line be extended until it 
intercepts the axis (capacitance Cs = 0) 
the intercept gives the absolute power fac¬ 
tor of the fixed capacitor Cx. 

That this is the case may be shown 
mathematically as follows: The power 



Figure 6. Power-factor difference, capacitor 
C2 fixed versus capacitor Cl variable 


factor 5.v of the specimen capacitor and 
5 a- of the standard capacitor may be 
written: 

8X * 27 rf CxRx 
6S - 2tt/ CsRs 

where 

/ * frequency 

Cs m capacitance of standard in farads 
Cx =* capacitance of specimen in farads 
Rs « equivalent series resistance corre¬ 
sponding to loss angle of standard 
capacitor 

Rx » equivalent series resistance corre¬ 
sponding to loss angle of specimen 
capacitor 

The equivalent series resistances are as¬ 
sumed to be constant, see the section of 


Tabl« 1. 

Variation 

of Power 

Factor With 



Stress 



Streaa in 

Stress in 


Applied 

Volte Per 

Volts Per 

Power-Factor 

Voltage 

MU in Cl 

Mil in Cf 

Difference 

2,000... 

...20.8... 

...1.82. 

,.0.0000165 

3,000... 

...31.2... 

...2,72. 

,.0.0000168 

4,000... 

...41.7... 

...3.04. 

,.0.0000166 

5,000... 

...52.0... 

...4.54. 

,.0.0000168 


this paper dealing with the equivalent 
circuit of a low-loss air capacitor. When 
these values are substituted in the rela¬ 
tion for 8x — 8s, it may be readily seen 
that the expression for the power-factor 
difference takes the form of the equation 


of the straight line, Ax + By — C, where 

Ax corresponds to 2 t rfRsCs 
By corresponds to Sx - 6s 
C corresponds to 2?r fCxRx, a constant 

The bridge measures Sx - 8s and if the 
line is extended to the point where the 
capacitance of the standard equals zero 
then it is evident that 8s must equal zero 
and therefore the intercept is the abso¬ 
lute power factor of the specimen capaci¬ 
tor. 

Experimental tests were made to verify 
this method. The capacitor used as 
the specimen capacitor was Cp, the pres¬ 
sure capacitor. The absolute power 
factor of the pressure capacitor was 
determined by first comparing it with 
capacitor Cf and then with capacitor Cu. 
The results of these tests were given in 
figure 5 as curve A . The power factor 
difference was measured using capacitor 
Cf as the standard at values of capaci¬ 
tance varying from 225 micromicrofarads 
to 650 micromicrofarads. Extending 
curve A to the axis gives the absolute 
power factor of Cp as 7.2 X 10“®. After 
this test the capacitor C/ was dismantled 
and given a thorough cleaning and pol¬ 
ishing and the power-factor difference 
with Cp again measured. This test is 
plotted in figure 5 as curve C and its 
intercept gives the absolute power factor 
of Cp as 7.4 X 10~®. 

With the capacitor Cu used as the 
standard capacitor at values of capaci¬ 
tance varying from 200 micromicrofarads 
to 700 micromicrofarads, the power factor 
difference curve is plotted in figure 5 as 
curve B and the intercept of this curve 
gives the absolute power factor of Cp as 
7.24 X 10“®. 

The three tests, although made with 
different standard capacitors, give the 
same value for the absolute power factor 
of Cp to within the sensitivity of the 
bridge. 

If this method is correct, then it should 
be a simple matter to determine the 
absolute power factor of a variable ca¬ 
pacitor at any given separation. This 
was checked using the small glass-en¬ 
closed capacitors Cl and C2. In the 
first experiment, the capacitor C2 was 
used as the specimen capacitor and the 
capacitor Cl was used as the variable 
capacitor. The results of this test are 
plotted in figure 6 and the intercept gives 
the absolute power factor of C2 at a 
capacitance of 63.7 micromicrofarads as 
33.8 X 10“V Since the absolute power 
factor of C2 is now known, the absolute 
power factor of Cl can be read directly 
from the curve in figure 6, for any value 
of capacitance. If then Cl is held fixed 



0 10 20 30 40 50 60 70 80 


CAPACITANCE OF C2-MICROMICROFARADS 

Figure 7. Power-factor difference, capacitor 
Cl fixed versus capacitor C2 variable 

Curve A — Cl fixed at 44.5 micromicrofarads 
Curve B —Cl fixed at 59.2 micromicrofarads 

and the power factor difference measured 
against another variable capacitor the 
intercept of this curve should be the value 
as read from figure 6. 

For example, with Cl set at a capaci¬ 
tance of 44.5 micromicrofarads, its abso¬ 
lute power factor as read from figure 6 is 
14.8 X 10“®. A test was now made with 
capacitor Cl set at this value of capaci¬ 
tance and used as the fixed capacitor in 
the bridge. The other capacitor was 
varied. The power-factor difference meas¬ 
ured is plotted as curve A in figure 7. 
The intercept of this curve gives the ab¬ 
solute power factor of Cl at 44.5 micro¬ 
microfarads setting as 13.0 X 10”®. 

With the capacitor Cl set at a different 
value of capacitance, namely, 59.2 micro¬ 
microfarads, figure 6 gives its absolute 
power factor as 20.0 X 10 -6 . A second 
run was now made with Cl held fixed at 
this capacitance. The results of this 
run are given as curve B in figure 7. 
When curve B is extended back to the 
axis, the intercept gives the absolute 
power factor of Cl at the given capaci¬ 
tance as 19 X 10“®, which checks the 
value as determined from figure 6. 

The experimental data checks the cor¬ 
rectness of this method of determining 
the absolute power factor of an air ca¬ 
pacitor. The method which is simple in 
operation requires that a variable air ca¬ 
pacitor be available and that the bridge 
have the necessary sensitivity. 

Power-Factor Variation 

With Separation 

The variation of the absolute power 
factor with separation was studied using 
four capacitors. The capacitors meas¬ 
ured were of different designs and con¬ 
sisted of the flat plate capacitor Cf, the 
upright capacitor Cu, and the two glass- 
enclosed capacitors Cl and C2. 

With one capacitor held fixed, the sepa¬ 
ration of the other capacitor was varied 
and the power-factor difference measured 
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with 4,000 volts applied to the bridge. 
From the power-factor difference curves 
the absolute power factor was obtained as 
outlined in the section on absolute power 
factor. 

1. Capacitor Cf . Using the capacitor 
Cp as the fixed capacitor, the absolute 



CAPACITANCE “ MICROMICROFARADS 


Figure 8. Variation of absolute power factor 
with separation 

Curve A —Capacitor Cf 

Curve B —Capacitor Cu 

Curve C—Capacitor Cf (after cleaning) 

power factor of capacitor Cf was ob¬ 
tained for a capacitance range from 200 
micromicrofarads to 725 micromicro¬ 
farads. The absolute power factor of 
capacitor Cf is plotted in figure 8, curve 
A. It is seen that the absolute power 
factor varied directly with the capacitance 
and ranged from 1 X 10 -6 to 4 X 10 -6 . 
The absolute power factor of this ca¬ 
pacitor immediately after polishing and 
cleaning is also given in figure 8 as curve 
C. Under these conditions its power 
factor was found to be very small. 

2. Capacitor Cu . The absolute power 
factor of capacitor Cu was measured 
using capacitor Cp as the fixed capacitor 
and varying the capacitance of capacitor 
Cu from 225 micromicrofarads (400 mils 
separation) to 750 micromicrofarads (120 
mils separation). Its absolute power 
factor was obtained from the power fac¬ 
tor difference curve and is also plotted 
in figure 8, curve B. It is seen that the 
absolute power factor varied directly with 
the capacitance as was the case for the 
capacitor Cf. 

3. Capacitor Cl. The variation of the 
absolute power factor of the glass-en¬ 
closed capacitor Cl was measured using 
capacitor C2 as the fixed capacitor and 
varying the capacitance of Cl from 20 
micromicrofarads (316 mils separation) 
to 70 micromicrofarads (90 mils separa¬ 
tion). The absolute power factor Cl is 
plotted in figure 9. The absolute power 
factor of Cl at 20 micromicrofarads was 
7.0 X 10“ 6 and as the plates were brought 
closer together the absolute power factor 
varied directly with the capacitance. At 
70 micromicrofarads, its value had in¬ 
creased to 24.6 X 10“ 6 . 


4. Capacitor C2 . The small glass-en¬ 
closed capacitor C2 was measured against 
capacitor Cl as the fixed capacitor and its 
absolute power factor, which is plotted in 
figure 9, was found to vary directly with 
the capacitance. 

In order to make certain that the meas¬ 
ured variation in power factor with sepa¬ 
ration was not caused by an error due 
to changes in the bridge ratio, the follow¬ 
ing test was made: The absolute power fac¬ 
tors of capacitors Cl and C2 at a given 
separation, were determined separately 
against the flat plate capacitor Cf using 
a one-to-one bridge. Then they were 
connected in parallel and the power fac¬ 
tor of the combination measured. In this 
latter measurement the bridge ratio was 
two-to-one, and the measured power 
factor checked the calculated value of the 
parallel combination. Similar measure¬ 
ments which were made on a cylindrical 
capacitor of the sectional type also proved 
that the results were independent of the 
bridge ratio. 

The curves in figures 8 and 9 show that 
for the four types of capacitors studied the 
absolute power factor varies directly with 
the capacitance, or expressed in terms of 
separation, the power factor varies in¬ 
versely as the separation of the plates. 
In all of these four runs the voltage stress 
was less than 50 volts per mil. 

Equivalent Circuit 

of a Low-Loss Air Capacitor 

Two equivalent circuits 4 are used to 
represent capacitors with loss. In the 
parallel notation the loss is represented 
by a high resistance, Rp, in parallel with 
a pure capacitance Cp. The power fac¬ 
tor of the combination is one divided by 
27i fCpRp where f is the frequency. In 
the series notation, the loss is represented 
by low resistance Rs in series with a pure 
capacitor Cs. Its power factor is given 
by the expression 27i fCsRs. At low 
values of power factor Cp and Cs are 
equal. 

A study of the results of the measure¬ 
ments of the variation of the absolute 
power factor with separation of the plates 
of a capacitor, figures 8 and 9, shows 
clearly that the series notation is the 
simpler and is preferable, since a constant 
resistance in series with a variable pure 
capacitor will give identical power factor 
versus capacitance curves. 

The use of the parallel notation to rep¬ 
resent a low-loss air capacitor would re¬ 
quire that as Cp is increased by reducing 
the spacing Rp must decrease. For ex¬ 
ample, if the value of Cp is doubled, then 
Rp must decrease in the ratio of four-to- 
one. The parallel notation does not 


offera simple representation of the equiva¬ 
lent circuit of a low-loss air capacitor. 

Effect of Surface Roughness 

The variation of the absolute power 
factor with the roughness of the surface 
was measured using the small glass-en¬ 
closed capacitor. Three degrees of rough¬ 
ness were studied; capacitor C4 with its 
plates roughened by actual grooves cut in 
its surface to a depth of Vs2 inch, capaci¬ 
tor C2 polished with number 200 car¬ 
borundum, and capacitor C3 with a 
mirror-like surface. Photomicrographs 
of the plate surfaces of capacitor Cl, C2, 
and C3 are given in figure 3. The sur- 



CAPACUANCE—MICROMICROFARADS 


Figure 9. Variation of absolute power factor 
with separation of capacitor Cl and C2 

face of the plates of all of the capacitors 
were clean and bright and free from oxide. 

During the measurements the capaci¬ 
tors were enclosed in the glass cells made 
from the Pyrex pie plates. The cells 
were completely shielded and were held 
at a constant temperature of 28 degrees 
centigrade during the tests. Capacitor 
Cl with a mirror-like finish was used as 
the fixed capacitor. Its capacitance was 
set at 63 micromicrofarads. The other 
capacitors were connected in turn in the 
other arm of the bridge and their absolute 
power factor determined at different val¬ 
ues of capacitance. The applied poten¬ 
tial was 4,000 volts. The results are 
given in table II. 

It is evident from the results, table II, 
that the absolute power factor was inde¬ 
pendent of the roughness of the surface 
of the plates, provided that voltage stress 
was below the corona-forming value. 

Variation of Absolute Power 

Factor With Guard Spacing 

Measurements of the effect of guard 
spacing or gap on the absolute power fac¬ 
tor were made using the small glass-en¬ 
closed capacitor C2. The power factor 
of C2 was determined with the normal 
gap of 0.0625 inch between the guard 
ring and the measuring electrode. The 
ratio of the plate separation to gap 
width was 3.2. A new guard ring was 
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then made, which reduced the gap to microfarads (174 mil separation) and kept small capacitors, whose absolute power 

0.005 inch; this gave a ratio of plate fixed at this value. This capacitor was factor under normal conditions of dryness 

separation to gap of 40. The results measured against the capacitor Cp which was known, was opened and the plates 

showed the absolute power factor of C2 was sealed under a pressure of 100 pounds wiped with a damp doth. The capadtor 

was independent of the width of the gap of dry air and therefore was unaffected was reassembled and measurements 

by room conditions. At the start of the started immediately. The results of this 

Table II. Variation of Absolute Power test the rdative humidity of the room test are given in table III. 


Factor With Roughness 


Absolute Power Factor X 10 “• 


Capaci- 




tance 

Capacitor 

Capacitor 

Capacitor 

(Micro- 

C4 

C2 

C3 

micro- 

i/w-Inch 

Medium 

Mirror 

farad*) 

Grooves 

Polish 

Surface 

20.... 

....10.4.... 

....10.0. 

...10.2 

30.... 

....16.8.... 

....15.8. 

...15,4 

40.... 

....21,0.... 

....21.0. 

...20.6 

60.... 

....20.2.... 

....25.8. 

...25.6 

00.... 

....31.6.... 

....30.0. 

...30.8 

70.... 

....30.8.... 

.,.,30.0. 

...35.8 


between the guard ring and the meas¬ 
uring electrode within the limits used in 
these measurements. 

Power-Factor Variation 

With Humidity 

The effect of humidity on the power 
factor of air capacitors has been reported 
by several investigators. 6 '* In practice 
air capacitors are either operated in the 
open or enclosed in boxes, which are 
assumed to protect the capacitor from the 
effects of atmospheric changes. In peri¬ 
ods of unsettled weather, erratic results 
were observed. These led to a study of 
the effect of changes in the relative 
humidity of the room upon the absolute 
power factor of an air capacitor. Capaci¬ 
tor Cf was chosen for this study. This 
capacitor was completely enclosed in a 


Table III. Effect of Water Film* on Absolute 
Power Factor 


Tim© 
Elapsed 
After Wot¬ 
ting Plate* 
(Minute*) 


Absolute Power Factor 


..0.000022 (dry value) 

3 ..Too high to measure 

7 ..Too high to measure 

17.i.0.00164 

27;;;;;.0.00104 

40 .0.00084 

00.!.0.00081 

02'“* .0.00016 

103'::::;:.0.00010 

025...0.000035 


sturdy galvanized sheet-metal box and the 
box, although not air tight, was of sub¬ 
stantial construction and its top fitted 
tightly in place. No attempt was made 
to circulate air from the room into the ca¬ 
pacitor enclosure. , 

The capacitance of Cf after cleaning 
and drying was adjusted to 430 micro- 
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was 35 per cent. It gradually increased 
to 70 per cent and then decreased to its 
initial value over a period of three days 
due to changing weather conditions. 
The measurements were made at 4,000 
volts and the absolute power factor of Cf 
determined as the humidity varied. 

The results are plotted in figure 10. 
Initially the absolute power factor of Cf 
was 2.2 X 10“*. As the relative hu¬ 
midity of the room air increased the 
power factor of Cf increased until at 70 
per cent relative humidity, it reached a 
value of 70 X 10 As the humidity of 
the air in the room decreased, the curve 
departed from the curve for increasing 
humidity. When, after three days, the 
relative humidity of the air was again 35 
per cent, the power factor of Cf was 
15 X 10“®. After eight hours at 'this 
value of humidity the power factor fell 
to 6 X 10"*. During the next eight-hour 
period there was no further decrease in 
power factor. The capacitor was then 
opened up and dried by circulating air 
with a blower. This treatment brought 
the power factor back to its initial value 
of 2.2 X 10-*. 

The separation of the power-factor 
curves for increasing and decreasing 
humidity show dearly that it required 
appredable time before the air between 
the plates was affected. It is also of 
interest to note that it required consider¬ 
able time for the moisture to disappear 
from the plates and insulating supports. 

Variation of Power Factor 

With Water Films 

Horst 7 has reported that the power 
factor of air capadtors is caused largely by 
the leakage over the surface of insulating 
supports due to the presence of adsorbed 
water films. It was noticed in the course 
of this work that immediatdy after the 
washing and the drying of a capadtor 
that its power factor was unduly high and 
that after a period of some six or eight 
hours, the power factor reached a con¬ 
stant low value. It is reasonable to as¬ 
sume that during the 15-minute circula¬ 
tion of dry air by means of the high¬ 
speed blower that all except the absorbed 
layers of moisture were removed from the 
capadtor* 

In order to get a quantitative picture of 
the effect of the presence of water films 
upon the plates of a capadtor; one of the 


It was impossible to balance the bridge 
until 17 minutes after the layer of water 
had been placed on the plates. The 
power factor of that moment was 70 
times its initial value. It continued 
to decrease with time; at first quite rap¬ 
idly and then more slowly, until after 
approximately 14 hours it had reached a 
value of less than twice its initial dry 
value. 

In this test where the water was ac¬ 
tually put on the plates, it is natural 
to expect that it would begin to evapo¬ 
rate immediately and to fill the space be¬ 
tween the plates with vapor. Water 
vapor when it evaporates under these 
conditions is free from ions. However, 
the high power factor noted is believed 
to have been caused by the presence of 
adsorbed layers of water not only on the 
plates but on the insulating supports as 
well. As this water passed off into the 
atmosphere of the capadtor, the power 
factor decreased. 

Summary and Conclusions 

1. A method is presented for deter¬ 
mining the absolute power factor of an 
air capadtor by direct measurement. 
The air capadtor whose absolute power 
factor is desired is held fixed and the power 



Figure 10. Variation of absolute power fac¬ 
tor with humidity 

factor difference measured as a function 
of the separation of the plates of the other 
air capadtors in the bridge. When the 
power-factor difference-capadtance meas¬ 
urements are plotted, the result is a 
straight line, whose intercept with the 
axis gives the absolute power factor of the 
fixed capadtor. 

2. The experimental results presented 
show that in an air capacitor with brass 
plates whose surfaces are dean, dry, and 
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free from oxides and dust that the ab¬ 
solute power factor is: 

(a) Independent of the voltage stress up to 
50 volts per mil, 

(b) Varies inversely with the separation 
between its plates, 

(c) Not affected by the roughness of the 
surface, 

(d) Independent of the width of the gap or 
space between its guard ring and measuring 
electrodes. 

3. The simplest and preferable 
method of representing the equivalent cir¬ 
cuit of an air capacitor is that given by 
the series notation. 

4. High atmospheric humidity in¬ 
creases the power factor of an air capaci¬ 
tor even when it is enclosed in a substan¬ 
tial metal box. The increase does not 
disappear immediately when the relative 
humidity of the air falls, as it requires 
several days for the adsorbed moisture 
to evaporate. The presence of layers 
of water on the plate surfaces and insu¬ 
lating supports produces a considerable 
increase in power factor. It is recom¬ 
mended therefore that an air capacitor 
be protected from the atmosphere and 
that the air within the enclosure be main¬ 
tained at a relative humidity of not more 
than 35 per cent. With perfectly clean 
capacitors the results indicate that the 
observed power factor is caused by ad¬ 
sorbed moisture on the plates and insu¬ 
lating supports. 

5. It is of interest to note that of the 
air capacitors studied, the type of con¬ 
struction that gave the lowest power fac¬ 
tor was that in which both the low- and 
high-voltage electrodes were supported 
by insulating pillars resting upon a com¬ 
mon grounded metal base. This con¬ 
struction is illustrated in figure 1 of this 
paper. Apparently this type of design 
reduces leakage currents to a minimum. 
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Discussion 

J. C. Balsbaugh (Massachusetts Institute of 
Technology, Cambridge): I think Profes¬ 
sor Kouwenhoven and Mr. Lotz have made 
a very interesting and valuable addition to 
the general subject of the evaluation of 
losses in air capacitors. There are two 
points on which I should like to comment: 

First, on number 4 of the "Summary and 
Conclusions/' it is stated "The presence of 
layers of water on the plate surface and in¬ 
sulating supports produces a considerable 
increase in power factor/’ I can appreciate 
that the water on the plate surface of the 
capacitor will increase the losses, but I do 
not feel that layers on the insulating sup¬ 
ports should cause an increase in the meas¬ 
ured loss. The evaporation of any water 
from the surface of the insulating supports 
may possibly produce some effect and any 
effect of the change in the equivalent im¬ 
pedance of the supports, that is, the in¬ 
herent impedance between bridge and guard 
circuits, should not have any effect upon the 
bridge balance and therefore the measured 
loss. 

The second point has to do with number 
5 of the "Summary and Conclusions” in 
which it is stated that "the type of construc¬ 
tion that gave the lowest power factor was 
that in which both the low- and high-voltage 
electrodes were supported by insulating 
pillars resting upon a common grounded 
metal base.” 

I have in the past attempted to use the 
same construction in principle correspond¬ 
ing to figure 2 and have found that even 
with metallic surfaces baked on to the glass 
for shielding that it was impossible -to 
eliminate completely the loss in the gla^ 
from entering into the bridge measurements. 
This effect could only be completely elimi¬ 
nated by the use of a metal-to-glass seal, as 
is indicated by figure 4 of the first paper 
under reference 3, and by figure 5 of the 
second paper under reference 3. 


H. L. Curtis (National Bureau of Standards, 
Washington, D. C.): In experimental 
work which has been carried out by means 
of the method just described by Doctor 
A. V. Astin, results concerning the effect of 
humidity on the power factor of an air capaci¬ 
tor with brass plates have been found to be 
quite different from those described in the 
paper by Kouwenhoven and Lotz. In their 
paper they indicate a very rapid increase in 
the power factor when the humidity exceeds 
50 per cent. They state that this may be in 
part the result of absorption of moisture on 
the insulators of their capacitors. This 
seems quite probable since the curve which 
they have obtained is similar to the well- 


conductivity of solid insulators as a function 
of the humidity. 

In the work at the National Bureau of 
Standards the effect of the losses in insula¬ 
tors on the value of the power factor has 


been completely eliminated. Under this 
condition, the power factor increases with 
humidity, reaching a maximum at 60 per 
cent humidity, then decreasing to practi¬ 
cally zero power factor at about 85 per cent 
humidity. Moreover, the maximum value 
for power factor is about 10 X 10 “ 6 with 
an electrode separation of one-half milli¬ 
meter, whereas Professor Kouwenhoven 
has obtained nearly ten times that value 
with a somewhat larger separation. 

The reason for the observed change in 
power factor with humidity is readily ex¬ 
plained if one considers that the loss is in 
an oxide film on the surface of the electrodes. 
When the film is dry the oxide is a satisfac¬ 
tory dielectric and there is no loss in it. 
When the film is saturated the film becomes 
a sufficiently good conductor so that it is 
a part of the plate and again there is no loss. 
At intermediate points the film is a semi¬ 
conductor in which there is considerable 
loss, which accounts for the maximum value 
at about 60 per cent humidity. 


A. V. Astin (nonmember; National Bureau 
of Standards, Washington, D. C.): At the 
Bureau of Standards we have been using a 
method of determining absolute power fac¬ 
tors which is similar to that described by 
Kouwenhoven and Lotz. We are able to 
confirm the linear variation of the power 
factor of a guard ring capacitor with 
capacitance since that is also the essential 
element of our method. There are, how¬ 
ever, some differences which should be 
pointed out, the most important being that 
the same ratio of bridge resistors is used 
throughout the measurements, whereas in 
the method just described the resistance 
ratio is varied to compensate a changing 
capacitance ratio. The advantage of a 
constant bridge ratio is that there can be no 
error due to changing phase angles in the 
variable resistors. 

The power-factor change with capacitance 
is determined, in an equal-ratio bridge, as 
follows: The power-factor differences be¬ 
tween the guard ring capacitor and two 
auxiliary capacitors of equal capacitance 
are measured. The two auxiliary capacitors 
are then connected in parallel and compared 
to the guard ring capacitor at a new capaci¬ 
tance setting equal to the combined capaci¬ 
tance of the parallel auxiliaries. From the 
measured differences the change in power 
factor of the guard ring capacitor between 
the two settings is determined by a simple 
computation. By using auxiliary capaci¬ 
tors of different magnitudes the power fac¬ 
tor variation of any capacitor over its full- 
scale range may be determined. In prac¬ 
tice it has been found more convenient to 
calibrate, in the manner just described, a 
rotating plate capacitor having a third elec¬ 
trode in order to eliminate the effect of 
losses in solid insulation. Such a calibra¬ 
tion curve is shown by A in figure X of this 
discussion. Power-factor values on this 
curve are fixed arbitrarily by the double- 
circled point which represents the power* 
factor difference between the rotating plate 
condenser and a cylindrical, guard ring 
capacitor of wide electrode spacing and 
which serves as a standard of power factor. 
Next the power-factor differences between 
the guard ring capacitor and the rotating 
electrode capacitor are measured for a range 
of capacitance values. Such a set of meas- 
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known curves which represent the surface 



uvements is shown by curve B. Then the 
values for the rotating plate capacitor are 
added to these differences to give the actual 
values for the guard ring capacitor. The 
result is shown by curve C, which is the 
sum of curves A and B, 

The straight line verities the observation 
of Kouwenhoven and Lotz that the power 
factor of a guard ring capacitor is linear with 



capacitance. The zero intercept indicates 
that the standard capacitor used to deter¬ 
mine the double-circled point on A had zero 
power factor within the limits of the measur¬ 
ing equipment. The curves A and C then 
give tin* absolute power factor values of the 
rotating electrode and guard ring capacitors, 
respectively. Were the intercept of the 
curve C other than zero the curves A and C 
would have to be shifted vertically by the 
amount of the intercept in order to give 
absolute values. 


H. W, Bouaman (General Electric Com¬ 
pany, Schenectady, N. Y,): The authors' 
work on air-capacitor losses is particularly 
timely because of the increased use of 
guarded adjustable capacitors with small 
plate spacing*. These capacitors commonly 
have constant spacing and variable area; 
hence their power factor may not be meas¬ 
ured by comparing two of them. They are 
often made with aluminum plates; there¬ 
fore, it would be interesting to have the 
magnitude of the effect described in this 
paper estimated for aluminum with its 
various surface finishes. , 

In this connection it is interesting to note 
that high-voltage standard air capacitors 
with nickel-plated electrodes have slightly 
lower power factor at high relative humidity 
than capacitors similar except for the use 
of brass electrodes, even when the brass is 


freshly cleaned. Because of the large 
spacing used at high voltage, the effect is 
about tenfold smaller than that reported by 
the authors; therefore rather difficult to 
measure accurately at low relative humidity. 

Concerning the absolute power factor of 
an air capacitor, consider two capacitors, 
one with variable electrode spacing, both 
with a dielectric characterized by constant 
power factor at the frequency used for a 
series of measurements. The equivalent 
series resistance of the capacitor with vari¬ 
able spacing will be a constant plus a term 
inversely proportional to the capacitance. 
When this function is put into the authors' 
formula for power-factor difference, the re¬ 
sult is a linear relationship between the 
power-factor difference and the capacitance 
of the adjustable capacitor, experimentally 
indistinguishable from the relationship 
found if the dielectric has zero power factor. 
The intercept at zero capacitance means 
not the absolute power factor but a quantity 
smaller by the power-factor characteristic 
of the dielectric. Thus, valuable as the 
authors' work is in finding certain losses in 
air capacitors, it is still necessary to rely 
on indirect evidence for the absolute power 
factor. 


W. B. Kouwenhoven and E. L. Lotz: Doc¬ 
tor Astin's confirmation of the determina¬ 
tion of the absolute power factor of an air 
capacitor is a very valuable check of our 
method, particularly when he used a con¬ 
stant-ratio bridge and we used a variable- 
ratio bridge. In our case, it was necessary 
to make a thorough study of the accuracy 
of the bridge at various ratios. This was 
done in the following manner. The abso¬ 
lute power factor of several similar capaci¬ 
tors was determined by the zero-intercept 
method. The capacitors were then con¬ 
nected in parallel and the absolute power 
factor of the parallel combination deter¬ 
mined by the same method. Since the abso¬ 
lute power factor of the individual capacitors 
was known, the absolute power factor of 
the parallel combination could be easily 
calculated and this was compared with the 
measured value. It was found that for the 
ratios used, the bridge gave the correct 
values. 

In the method employed by Doctor Astin, 
it was necessary for him to assume one of 
the capacitors as a standard and later meas¬ 
urements showed that it had a negligible 
power factor. In our case, this was not 
necessary as the absolute power factor of 
the fixed capacitor is determined by the 
zero intercept of the power-factor-difference 

The points brought out by Doctor Bous- 
man are of value. AH of our experiments 
were conducted with brass-electrode capaci¬ 
tors, and his results showing extremely low 
values of power factor with nickel-plated 
electrodes are very interesting. Doctor 
Balsbaugh 8 has reported also that capaci¬ 
tors with brass electrodes have a lower power 
factor than capacitors with aluminum 

plates and chromium-plated brass plates. 

The absolute power factor of an air capaci¬ 


tor is referred to by Doctor Bousman as 
the value less the loss due to the dielectric 
air. Since air, or some other gas is used as 
a dielectric, it is our view that the absolute 
power factor must include the loss in the di¬ 
electric as well as any other surface phe¬ 
nomena losses and leakage losses. Both of 
the capacitors in our bridge had air as their 
dielectric. It is well known that due to 
radium emanations, cosmic rays, and other 
sources there are six or seven pairs of ions 
produced per cubic centimeter per second. 
The presence of these ions will naturally 
cause a loss in an air capacitor. Calcula¬ 
tion of this loss in our air capacitors, one of 
which contained varying volumes of the di¬ 
electric air, show that the loss is far too small 
to be detected by our present measuring 
equipment, the power factor being of the 
order of 2 X 10- 10 . 

Doctors Curtis and Balsbaugh refer to 
the effect of humidity upon the power fac¬ 
tor of an air capacitor. The results of 
Doctor Curtis wherein he obtains a maxi¬ 
mum power factor at 60 per cent relative 
humidity are extremely interesting as are 
his comments as to the cause. In our study, 
we were very careful to avoid oxidation of 
the plates other than what would occur by 
the normal exposure to atmosphere air for 
a short period. The effect of oxidation 
seems to be an important one and perhaps 
some more work along these lines will be 
forthcoming. 

Both Doctors Curtis and Balsbaugh recog¬ 
nize that the presence of moisture in a capaci¬ 
tor causes an increase in the loss. When 
we applied a layer of water to the plates, the 
increase in loss amounted to 22 X 10~ K 
watts, and there was also an increase in the 
capacitance of the capacitor of five parts in 
a thousand. The calculated thickness of 
the water film to account for this capaci¬ 
tance increase amounted to 0.00038 centi¬ 
meter (81 being taken as the dielectric con¬ 
stant of the water). If we assume that the 
increase in loss is caused by the Joule effect 
due to the charging current flowing through 
this film of water, then the water must have 
a specific resistance of 4.8 X 10 10 ohms per 
centimeter cubed. This value of specific 
resistance for water is approximately one 
hundred times greater than the value for 
pure water. The increase in loss could not 
be explained by calculations based on either 
the Maxwell’s theory of a two-layer di¬ 
electric as extended by Wagner, or on the 
Debye theory of the loss due to the polariza¬ 
tion of the water molecule. The calcula¬ 
tion of the possible loss which could be at¬ 
tributed to conduction through the glass 
supports also failed to account for the ob¬ 
served value. A careful measurement of the 
resistance of the capacitor leads also elimi¬ 
nated that source. The quiet evaporation 
of water does not produce ionized water 
vapor, and therefore the loss cannot be 
attributed to this. The exact mechanism 
by which the presence of moisture produces 
an increased loss in an air capacitor is not 
fully understood. We believe that leakage 
over insulation due to adsorbed water filin 
is a contributing factor in the increase in 
loss. 
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Basic Equations (or Electric and 
Sound Radiations 


By ALAN HAZELTINE 

FELLOW AIEE 


T HE purpose of this discussion is to 
derive the basic equations for electric 
radiation and for sound radiation by 
elementary calculus, without using the 
notions of differential equations or of 
vector analysis. The essential step is the 
selection of an elementary wave pulse 
discontinuous only at its front and not 
involving double layers nor regions of 
infinite energy at the wave front. 

The procedure for electric radiation will 
be: to assume an elementary wave pulse 
having a certain current distribution; 
thence to find the distributions of mag¬ 
netic intensity H ampere-turns per meter 
and electric intensity e volts per meter, 
employing the law of magnetomotive 
force, the law that dielectric current is the 
time derivative of dielectric flux, and the 
proportionalities between the two in¬ 
tensities and their flux densities, as given 
by the proportionality factors for the 
medium, permittivity k and permeability 
and finally to show that the remaining 
fundamental law, that of induced voltage, 
is everywhere satisfied. 

In figure la is represented an open linear 
electric radiator , or antenna, of differential 
length l meters, whose current starts from 
zero at the time r seconds and increases 
at the constant time rate D t I amperes 
per second (the symbol D being used for 
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derivative ). This current flows through 
space as a dielectric current D& cou¬ 
lombs per second, and consists of three 
superposed components: a current flow¬ 
ing uniformly out in all directions from 
the top of l for a distance r w meters; a 
current flowing uniformly in to the bot¬ 
tom of l; and a current sheet joining 
these on the surface of the sphere of 
radius r w . This sphere is the wave front 
of the elementary pulse and expands at 
some constant velocity c meters per 
second, to be determined. The resultant 
current distribution is shown in figure 
1 a, together with the magnetic flux $ 
webers which it produces around the axis 
of the radiator, as represented by the 
dots and crosses. The current also 
builds up a dielectric flux * coulombs, 
extending from the top of l to the bottom, 
as shown in figure 16. 

The total current at any time t > r 
being (/ — t)DJ , the component current 
from the top of Z, within the angle 0, will 
be (t — r)t> t I{ 1 — cos 0)/2; and the 
resultant current within 0 at the radial 
distance r ^ r w = c(t — r) will be: 

2>«* - - r)D t I l - - 2 C0S * j 

_ 1(1 - r)D t I z 

2 * (x* + 

^ l(t - r)D t T 

2 . ' (*2 4- *2)»/■ 

= l sin 2 

2 r {l) 

where z is the distance along the axis, as 



represented in figure 2a. This current 
is equal to the magnetomotive force 
along the path surrounding it, of length 
2 wr sin 0; so the magnetic intensity at 
(r,6) is: 

jj EfUL Z sin d-{t — r)D t I 

2irr sin 9 4t r* 

ampere-turns per meter (2) 

Multiplying II by fi and by the differen¬ 
tial area rdddr gives the magnetic flux 
within this area; and its time derivative 
must be equal to the induced voltage 
around the area: 

_ N jtt/sin $-D t I , . . 

D t (Hf*rdddr ) — --- -dedr volts (3) 

4 vr 


which is valid for r = r w as represented 
in figure 2b, or for r < r w . The magnetic 
intensity at the wave front, r w = c(t — t), 
is: 


H w 


l sin d-D t I 


ampere-turns per meter (4) 


The magnetic flux which it produces is 
being built up in an area increasing at the 
rate crJW and so must induce the follow¬ 
ing voltage around an area embracing 
the wave front within the angle dd, 
figure 26: 

pUfoCTy/le = l ———dd volts (5) 

4tt 


The total dielectric flux W within the 
angle 0 at the radial distance r is the 
integral of its derivative Djp, from the 
time when the wave front reaches r: 

* “ f D t *d(t - r) 

Jr/c 

l sin 2 9-D t I 1 
" 2r 2 

coulombs (6) 




Its negative r-derivative— D T *, divided 
by the length 2irr sin 6 of the differential 
area through which it passes, is the di¬ 
electric flux density normal to r at 
(r, 0). Dividing this by k gives the elec¬ 
tric intensity e normal to r: 

1 -D r * 
e - • -:— 

k 2ttt sin 6 


l sin e-D t I 
4m<.r 

l sin B-DJ 



(Jt - r) » 


(t - *)* + 


r.] 

3 


volts per meter (7) 
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Just inside the wave front, the radial 
dielectric flux density is zero, since it 
has had no time to build up. So the 
total voltage around the differential area 
Yu/lOdr, figure 2c, is the difference between 
the tangential voltages at r w and r w — dr, 
which is: 


component pulses, it is convenient to 
express H and e in terms of quantities 
existing at t — r/c, eliminating r. In 
any elementary pulse at t — r/c, the cur¬ 
rent is: 


~D T (erdQ)dr = 
l sin Q’D t I 1 
~~ 4tk * 2 


T ) 2 i 

l sin 0DJ 
4vttc % r w 


<3 


dddr 


r)D t I amperes 

Thence 


(* - r)D t I - - D t I + I 
c 


dddr volts (8) 


since r - r w = c (t — r). Subsequent 
building up of ^ does not alter this total 
voltage, because the added T' is dis¬ 
tributed in the same way as in a steady 
field around two oppositely charged con¬ 
ductors at the ends of l (since the current 
D/& is so distributed); and the voltage 
around a closed path in such a field is 
zero. Hence, if we put r for r w in the 
final expression in (8), it will give the 
total voltage around an area rdddr at all 
times after the passing of the wave front. 
Just inside the wave front, the tangential 
electric intensity e w is found by putting 
c (t — t) = r = r w in (7): 


e to 


l sin d’D t I 
4nrKC*r w 


volts per meter 


(9) 


The tangential electric intensity outside 
the wave front and the radial intensities 
at the wave front being zero, the total 
voltage around the differential area em¬ 
bracing the wave front within the angle 
dO is: 


Cyjr tode 


l sin 0'D t I 
4tkc 2 


dO volts 


( 10 ) 


( 11 ) 


( 12 ) 


which substituted in (2) gives H in 
terms of D t I and I at t — r/c: 

l sin 0 r _ 

H - -j— (IV + “ I) 

4ircr c 

ampere-turns per meter (13) 

The time integral of the current from r 
(or from — °°, since it is zero before r) to 
t — r/c is the dielectric flux & of the 
radiator at t — r/c: 


netic quantities. Such a loop carrying a 
current I amperes constitutes a magnetic 
doublet of moment /<£ = pSI weber-meters, 
$ webers being the flux of a magnet of 
differential length l meters. So we must 
put for II — lD t the expression lD t <£= 
jjlSDJ. Interchanging H and e, ju and 
k, equations (16) and (13) then give, as 
the final formulas for H and e in any wave 
from a differential closed linear radiator: 

ampere-turns per meter; and (17) 




D t I coulombs (14) 


Thence, applying (12), we have: 

;[»-# + 5]w-';0-W + 


Comparing the modified expression (8) 
with (3) and (10) with (5), it will be 
gwn that the law of induced voltage will 
be satisfied everywhere provided that 
M = l/(*c s ), or c = M _jA . Hence our 
elementary wave pulse satisfies all the 
fundamental electromagnetic laws. Insert¬ 
ing the values for free space, k = 10 -Ii 
8.85 farad in a meter cube and m = 10“* 
1.257 weber per ampere-turn in a meter 
cube, gives the velocity of propagation in 
free space, e - (10““ 8.85-10"*1.257)-‘ /s 
= 10* 2.998 meters per second, equal to 
the velocity of light. 

Any varying radiator current I can be 
resolved into differential elementary wave 
pulses starting at successive instants r, 
as represented in figure 3. The values of 
H and e at (f, 0) are the sums of the values 
due to these elementary wave pulses; 
but, at any instant t, only those pulses 
which started prior to t — r/c contribute, 
ere™, the wave fronts of later pulses have 
not yet reached (r,6). To combine the 
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4ir cr 


volts per meter (18) 


To apply these formulas to a coil of finite 
area, we write dS in place of 5 and inte¬ 
grate with respect to S over the area of the 
coil, as usual, taking into account the 
changes in 0, r, and I with the position of 
dS. 

If the current J of a differential radia¬ 
tor is varying sinusoidally, as 

I ■■ I m sin ut = I m sin 2vft 
ct 

« I m sm —- amperes 

A 

where co radians per second and / cycles 
per second represent frequency and \ = 
c/f = 2ire/co meters is the wave length, 
then (13), (16), (17), (18) reduce to the 
following: 


which substituted in (7) gives [since n = 

I/O* 2 )]: 

\d,I + -I + 

4ttt L r 

volts per meter (16) 

Now we may sum all expressions of the 
form (13) or (16) for the elementary 
wave pulses started before t - r/c. The 
sum of the individual Df, I and ^ will 
be the total D,I, I and V at t — r/c. So 
(13) and. (16) are the final formulas for 
H and e in any wave from a differential 
open linear radiator. To apply these 
formulas to an antenna of finite length, 
we write dl in place of l and integrate 
with respect to l along the antenna, as 
fairing into account the changes in 
$, r, and I with the position of dl. 

Radiation from a closed linear electric 
radiator, or loop, of differential enclosed 
area S square meters is similar to that 
from an open radiator, but with an inter¬ 
change of the electrostatic and the ifaag- 
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l sing 

it = ~~ ir 

4tt cr 


(“ 


cos (at - f- - sin i 
r 


*) 


/ sin 0 I 2t ct X 2vct \ 

= ~2^~ Im \ C0S ~T + 2^ IT J (W) 

id sin 0 , ( , . c . , 

e — -J m l c o cos cot + - sm (tit — 

4 rr \ r 

c 2 \ pel sin 0 T 2irct 

■ L c “t + 

2 TT X \2irr) X J 


H *= w*sinco/ + — coswi + 


4ircV 


— sin <tit) 
r 2 


tS sin 0 j 
XV 


[-*‘T + 


e s £— I m ( —co 2 sin wt + — cos (tit) 

4-ircr r 

tcuc S sin o f . 2-irct X 2rct \ 

- r - r sm “r + i^ cos tv 

(180 

When r is large compared with X, only the 
first terms are appreciable, as given in 
the usual radiation formulas (c*g«» 
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linger, “Scientific Papers of the Bureau of 
Standards,” volume 15, pages 454, 489). 

The procedure for sound radiation in a 
gas will be like that for electric radiation: 
to assume an elementary wave pulse 
having a certain distribution of rate of 
flow; thence to find the distributions of 
particle velocity u meters per second and 
excess pressure p joules per meter per 
square meter, employing the relation that 
velocity is rate of flow per unit sectional 
area, the law of continuity and the adia¬ 
batic law; and finally to show that the 
remaining fundamental law, Newton’s 
law, is everywhere satisfied. As usual, 
the excess pressure p is supposed very 
small in comparison with the normal 
pressure po of the gas. 

In figure 4 a is represented a point 
source from which gas flows at a rate Q 
cubic meters per second, starting from 
zero at the time r and increasing at the 
constant time rate D t Q. This rate of 
flow extends uniformly out in all direc¬ 
tions for a distance r w meters, beyond 
which the gaseous medium is quiescent. 
The sphere of radius r w is the wave front 
of the elementary wave pulse and expands 
at some constant velocity c meters per 
second, to be determined. Since Q is 
the same at all radii r < r w , the mass of 
gas in any region within the wave front 
does not change with time—that is, the 
excess density p kilograms per cubic 
meter at any point rises suddenly, from 
zero when the wave front passes and 
thereafter does not change. 

At all radii r < r w =* c{t — r), the total 
rate of flow Q is: 

Q = (/ — r)D t Q cubic meters per second (19) 


Dividing this by the spherical area 
4rr 3 gives the particle velocity: 

(t - r)D t Q 

u * ' ~r ~ meters per second (20) 


The actual density being very nearly the 
normal density po, the rate of increase in 
momentum per unit area of a shell of 
differential thickness dr is: 


wdr-D t u 


’ 4irr 2 


dr joules per meter 
per square meter (21) 


Figure 3 (left). 
Superposition of 
elementary wave 
pulses 


Figure 4. Sound 
radiation from point 
source 




This must be equal to the difference in 
pressure on the two sides of the shell. 
The particle velocity u w at the wave 
front, r = r w = c(t — r),is: 

D t Q 

u w — -meters per second (22) 

4ircr w 

As the wave front advances with the 
velocity c, the rate of increase in momen¬ 
tum per unit area of the wave front, 
which must be equal to the excess pressure 
p w just inside the wave front, is: 


PqCU w 


PoDtQ 

4irr w 


joules per meter per square 
meter (23) 


In an area dS of the wave front, during 
an interval dt, the inflow at the velocity 
u w increases the mass by podS-Uudt. As 
the wave front then advances by the 
distance cdt, figure 45, the excess density 
p w will be: 


Comparing (28) with (21), and (27) 
with (23) at r = r Wl it will be seen that 
Newton’s law will be satisfied everywhere ; 
provided that po = ypo/c*, or c = 
(ypo/po) 1 /'* Hence our elementary wave 
pulse satisfies all the fundamental me¬ 
chanical laws . 

Any varying rate of flow <3 from the 
point source can be resolved into dif¬ 
ferential elementary wave pulses, as was 
done with electric radiation and as repre¬ 
sented in figure 4c. The excess pressure 
p will still be given by (27), where D t Q 
now represents the total value at t — r/c, 
since it is the sum of the individual 
D t Q up to t — r/c. For the particle 
velocity u, we proceed as before: the 
rate of flow of an elementary wave pulse 
at t — r/c is: 

— D t Q cubic meters per 
second (29) 



podS'Ufffdt pqU w 

dS'cdt c 
poDtQ 

— -—— kilograms per cubic meter (24) 
4vc 2 r w 


Since the excess density p at any radius r 
does not change after the wave front 
passes, it is: 


p = 


poD t Q 

———- kilograms per cubic meter 
4 TC*r 


(25) 


The accompanying excess pressure p is 
given by the adiabatic law: 


Po + p f po + p\ 
Po “I po / 


or p/po =* rp/po, very nearly, since p/p 0 is 
very small. Then, by (25), 


ypoDtQ 
4? rc 2 r 


joules per meter per square 
meter (27) 


The difference in pressure acting out¬ 
wardly on the two sides of a shell of 
thickness dr, figure 45, is then: 


-K D r pdr 


rpoD t Q 

4irc*r* 


dr jotdes per meter per 
square meter (28) 


Thence 

(t - r)D,Q =* T ~ D,Q + Q (30) 

which, substituted in (20), gives u in 
terms of D t Q and Q at t — r/c: 

U = 4wcr '•+ ~ meters per second 

(31) 

Summing up the individual D t Q and Q 
gives the same formula for the resultant 
u. So (27) and (31) are the final formulas 
for p and u in any sound wave from a point 
source. 

In addition to their more elementary 
character, the preceding derivations, as 
compared with those usually given, are 
more general, because they apply to 
any time variation at the radiator, not: 
merely to sinusoidal variation; they in- 
dude all terms present, not merely the 
“wave terms;” and they do not assume 
a known velocity of propagation, or even 
that such a. velodty exists, but include 
a proof of the existence and the value of 
the velocity of propagation. 
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Amplitudes of Magnetomotive Force 
Harmonics for Fractional Slot 
Windings—I 


By J. F. CALVERT 

MEMBER AIEE 


Synopsis: Fractional slot windings have 
certain well-known attributes which cause 
them to be quite generally used in syn¬ 
chronous-machine design. However, it is 
recognized that occasionally a winding will 
be produced which will develop harmonics 
in the air gap magnetomotive force that 
will lead to excessive losses, vibration, and 
noise. The published methods for com¬ 
puting the amplitudes of these harmonics 
are laborious to use and make a special case 
of every winding. It is the purpose of this 
paper to develop general formulas for com¬ 
puting the distribution factor and pitch 
factor of any magnetomotive force harmonic 
set-up by three-phase fractional slot wind¬ 
ings of normal design. It is believed that 
these should permit in many cases a choice 
of winding arrangement such as either to 
eliminate or at least to minimize any un¬ 
desirable harmonic so that its ill effects 
would be negligible. It is believed that the 
formulas are sufficiently simple to permit a 
complete tabulation of distribution and 
pitch factors over the normal range of slots 
per phase per pole now used in fractional 
slot windings. 

I. Introduction 

T HE fractional slot winding will usually 
introduce magnetomotive force har¬ 
monics of pitches greater than two field 
poles as well as shorter ones. Each of 
these harmonics travels its own wave 
length in one electrical cycle. Some travel 
with and some against the direction of 
rotation of the rotor. The flux set up by 
these magnetomotive force waves tends to 
produce losses, reactance, mechanical 
vibrations, and noise. These effects may 
be serious or negligible depending upon 
design proportions. The general char¬ 
acteristics of these magnetomotive forces 
are well described in the technical litera¬ 
ture (see bibliography), particularly in 

Paper number 38-S3, recommended by the AIEE 
committee on electrical machinery and presented 
at the AIEE summer convention, Washington, 
IX C., June 20-24, 1938. Manuscript submitted 
October 18, 1937; made available for preprinting 
April 29, 1988. 
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the paper by Q. Graham where a very 
careful analysis is given. The earlier 
paper by B. Hague demonstrates the 
existence of harmonics of greater than 
two pole pitches, and illustrates with 
certain examples. 

However, at the present time it is the 
writer’s belief that no methods have been 
published which permit, the easy deter¬ 
mination of the harmonic amplitudes. 


AIR CAP 



j 


~T~ 

i 



1 

I 

1 

_1_ 





Figure 1. Magnetomotive force for one set 
of full-pitch coils in a two-layer winding 





Figure 2. Magnetomotive force for one set 
of fractional pitch coils in a two-layer winding 

— — — Magnetomotive force of upper 
coil sides 

—• - - - - - Magnetomotive force of lower 
coil sides 

■ , ' • ' — —- Resultant magnetomotive force 

Consequently, it is very difficult if not 
somewhat impracticable to give each 
winding the analysis one might wish to. 

It is intended to present here methods 
which will permit the easy determinations 
of these amplitudes. Later the resultant 
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flux, loss, reactances, torques, and noises 
might well be studied. However, the 
latter will not be considered as within the 
scope of the present investigation. 

H. Main Discussion 

I. Review of the Problem for 
Integral Number of Slots per 
Phase per Pole 

Before proceeding to a discussion of 
the fractional slot windings, it will 
probably be advisable to review very 
briefly the case of those with an integral 
number of slots per phase per pole. The 
total magnetomotive force per coil-side 
will be taken as 1.0. If a machine has a 
full-pitch winding then the starting 
coils only of each pole group will produce 
the rectangular magnetomotive force of 
figure 1. In this figure a reluctance per 
pole has been assumed which repeats 
itself cyclically in each pole pitch. 

If a short pitch coil is assumed, the 
magnetomotive force distribution will be 
as shown in figure 2. So far as the air-gap 
flux is concerned, it is immaterial how 
these conductors are connected on the 
ends, provided the conductor currents 
in the slots are the same as in the actual 
winding. Therefore, the top layer coil- 
sides and the bottom layer coil-sides can 
be considered separately—each as a set 
of full-pitch coils. The magnetomotive 
forces of each of these are shown in 
broken lines as components, and the re¬ 
sultant is shown as a solid line. The 
rectangular magnetomotive force of the 
top layer coil-sides can be written in the 
form of a Fourier series as, 

2 r i i 

y ■* - sin e + - sin 30 + - sin 50 + 
ir L 3 5 

... + - sin »0 + . . * etc.l (1) 

n J 

where 8 = r for one rotor pole pitch 
and where n is always an odd integer. 
The magnetomotive force of the lower 
coil sides will be 


-it 


sin (0 + ir + p) •+ 


3 


sin 3(0 + t — p) + 


. .. etc.J 


( 2 ) 


where p = the angular throw of the 
armature coil and is tt for one rotor pole 
pitch. 

If a complete phase winding is assumed, 
the top layer coil sides are displaced 
successively one from another by one 
slot pitch. If n is the angular slot 
pitch in terms of the synchronous har¬ 
monic of wave length equal to two pole 
pitches, the magnetomotive force of the., 
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Figure 3. Winding for 6/5th slots per phase 
per pole with chart equal in width to one 
pole span. Positive and negative polarity 
groups alternate by rows 


top coil sides only is for the synchronous 
harmonic 


2 


A\* » - A' 2 

v ***« 

sin (0 — mp) 

0) 

2 

» - A'Arfi sin 
t r 

i-1 

1 

'S 

to 

w 

T: 

1_1 

(4) 


For the top and bottom coil sides taken 
together the synchronous harmonic of the 
magnetomotive force is 

4 

A i a *■* jjj X 

IT 

• I"/) ~ ^ i “ *»)"] 

sm L#-— m + — j («) 

In the above, 

p ea angular throw of the coil 
Kai = the distribution factor for the syn¬ 
chronous harmonic 

K P i » pitch factor for the synchronous 
harmonic 

R f *■ the number of top layer coil-sides per 
phase per pole 


Kat 


sin R'p/ 2 
R* sin p/2 


and 


Kpi 


cos 


Qr — /?) 
2 


( 6 ) 


slots is to be obtained. For windings of 
the type to be considered, the slots and 
consequently- -the coil sides in either 
layer of the winding, when considered 
with respect to the pole pitches, will 
repeat themselves once every N poles. 
The fractional slot windings will be 
discussed in two groups—first those where 
N is ait odd. integer, and second those 
where N is an even integer. A repeatable 
group will be defined as that winding in 
one layer which, is included between two 
coil-sides that are of the same phase, 
carry current in the same direction, and 
that are an integral multiple of N poles 
apart The discussion will be further 
restricted to that type of winding in which 
the coil-sides of each phase in a particular 
layer of the winding all lie under the 
same one-third of the poles. It is recog¬ 
nized that an enormous number of other 
balanced arrangements are possible. 
However, they are used less frequently 
and are much, more difficult types about 
which to malce simple and useful generali¬ 
zations. 

The usual method of layout for a frac¬ 
tional-slot winding is illustrated in figure 
3 for the specific case of 6/5 slots per phase 
per pole. It will be noted that there are 
six possible positions for the coil-sides 
under the poles for each phase so far as 
one layer of the winding is concerned, and 
that each of these positions is occupied 
just once in each five-pole span. 


For this case (figure 3) the slot positions 
repeat exactly once every five poles or 
18 slots, and although the currents are 
equal they are opposite in direction. 
The coil-sides 18 (or 3A) slots apart in 
the top layer may be treated as though 
they formed coils of pitch equal to five 
(or N ) rotor pole pitches. It can be seen 
that this will give rise to a first harmonic 
of five times the normal pole pitch of the 
machine. (If N is even the coil-sides 
N pole pitches apart carry currents in the 
same direction, and a somewhat different 
treatment will be developed for them 
later.) 

However, it is intended now to treat 
the coil-sides in one layer N poles apart 
as an actual coil when N is an odd num¬ 
ber. Instead of writing the magneto¬ 
motive forces for these “coils” in the 
sequence in which they appear in the 
top layer of the winding they will be 
taken in the sequence in which they ap¬ 
pear when reading from left to right by 
columns in the winding chart (figure 
3.4) with due regard given to their polar¬ 
ity (or their relative directions of current 
at any one instant). The total magneto¬ 
motive force of the top layer coil-sides of 
phase A will produce the first harmonic 



where 0 = 2ir for two rotor pole pitches. 
By suitable additions of integral mul¬ 
tiples of tc to the angular expressions, 


Figure 4. Winding for 6/5th slots per phase 
per pole with chart extended in width to two 
pole spans so that the positive and negative 
polarity groups are separated laterally 


This method of attack will prove use¬ 
ful in part of the work on fractional slot 
windings, namely the type of winding 
in which the slots per phase per pole is a 
fraction. 

2. Fractional Slot Windings With 
R/N Slots per Phase per Pole 
When N Is an Odd Integer 

The problem will be restricted to three- 
phase machines and consequently where 
R/N is the slots per phase per pole, with 
R and N both integers, the denominator, 
N t must not be an integral multiple of 
3 if a balanced winding occupying all 
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equation 7, may be rewritten in the form 



or, 

2 T a {$ 7 \ 

A ' ,m 7 L sin 7 + sin U + SV + 

sin (i + S w ) +sin (b + S *) + 

sin (l + l ,r ) + sin (i + S T )] (p) 

It will be noted that 

sin - (P w — t) J (10) 

and that 

- sin » \ji - r j - + 

sin» — (P" — t) J (11) 


when n is an odd integer, but that equa¬ 
tion 11 is incorrect when n is even. For 
the case of N an odd integer a symmetrical 
rectangular magnetomotive force was 
obtained for coil-sides exactly N pole 
pitches apart. This magnetomotive force 
wave will contain nothing but odd har¬ 
monics (equation 1), hence the wth 
harmonic may be written from either 
equation 8 or 9, respectively, as: 




Figure 5. Possible arrangement of space 
vectors for the first harmonics (those of greatest 
wave length) 
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Figure 6. Chart to show the possible magni¬ 
tudes and directions of travel of all magneto- 
motive-force harmonics for the various se¬ 
quence currents 

and 

[ sin (?) +sinM (i + ^ T ) + 
••• +sinw (i + i T )] (13) 

For the particular case, just discussed, 
of 6/5 slots per phase per pole, the mag¬ 
netomotive forces for these artificial 
coils composed of coil-sides N poles apart 
were made use of. If the magnetomotive 
forces of these were taken in the order in 
which the coil-sides appeared by columns 
on the winding chart, the angular displace¬ 
ment of any harmonic as produced by 
these successive “coils” differ by a con¬ 
stant angle. This would lead immediately 
to the determination of the distribution 
factor k an for the »th harmonic. That 
this is always true for N an odd integer, 
is shown in appendix I. The pitch factor 
for any harmonic is determined there 
from the addition of the magnetomotive 
forces of the top and bottom layers of 
phase A. Also relative space arrange¬ 
ments of the »th harmonics produced by 
three separate phase windings are es¬ 
tablished in appendix I. The results of 
the latter calculation are summarized in 
figure 6. 

When the slots per phase per pole, 
R/N, is such that Nism even integer the 
conductors exactly N poles or 31? slots 
apart again are symmetrically arranged. 

Calvert—Magnetomotive Force Harmonics^ 


However, this time the currents are all 
in the same direction in this group of 
conductors, and the arrangement does 
not permit treating adjacent pairs of 
conductors in the group as artificial coils. 
Nevertheless, this physical symmetry 
should not be overlooked in the analysis, 
and it can be made use of. To this end 
an artificial current sheet is introduced 
on the stator teeth tips or the bore of 
the stator iron (figure 7), which repre¬ 
sents a constant amperes per inch of 
circumference and which is opposite in 
direction but equal in total magnitude to 
the sum of the currents in the set of uni¬ 
formly spaced conductors. This current 
sheet may even be thought of as an ar¬ 
tificial return for the conductor currents 
of the set. The air gap magnetomotive 
force wave for these conductors and the 
current sheet is saw-toothed in form, as 
shown in figure 7, and it may be repre¬ 
sented by a Fourier series. In appendix 
II it is shown that a uniform angular 
displacement exists between the »th har¬ 
monics when the conductor sets with their 
return current sheets are considered in 
the order in which the conductors appear 
by col umns on the winding chart (see 
figure 8 for a representative chart). 

Some complications are introduced by 
the fact that all odd and all even har¬ 
monics appear for N an even integer 
whereas only odd harmonics appeared in 
the magnetomotive force wave when 
N was an odd integer. However, this 
may be taken care of, and constants ob¬ 
tained which are designated as distribu¬ 
tion and pitch factors. The magneto¬ 
motive forces for all the phases are con- 
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sidered as before and the relative space ar¬ 
rangements of the nth harmonics of the 
three phases are determined. These 
also are summarized in figure 6. 

In superposing or combining the effects 
of sets of coils with their current returns 
it may be shown that the effect of the 
current sheets will cancel leaving only 
the effect of the armature conductors. 
For instance, consider one set of con¬ 
ductors in the top layer of phase A with 
the current sheet return. Then consider 
the set of coil-sides in the lower layer of 
phase A with its current sheet return, 
where each coil-side of the lower layer 


the effect of different phase sequence cur¬ 
rents is treated in some detail. Figure 
6 indicates the results of this analysis for 
positive-, negative-, and zero-sequence 
currents. The conclusions point out the 
final formula or end results and discuss 
how these should be used in conjunction 
with figure 6. 

m. Conclusions 

1. Figure 6 and equation 61 show 
practically all the data necessary for 
computing the amplitudes of the various 
harmonics. It will be noted that these 



Figure 7. Air-gap magnetomotive Force for 
conductor currents of one polarity with return 
current sheets of the opposite polarity 

--Air-gap magnetomotive force for 

positive conductor currents 

—-. Air-gap magnetomotive force for 

negative conductor currents 

set when paired with the corresponding 
coil-side in the upper layer set makes a 
real armature coil. If these two magneto¬ 
motive forces are superposed, it is seen 
that the current sheet associated with the 
second set of conductors will cancel that 
associated with the first set because the 
current sheets are each uniformly dis¬ 
tributed over the stator bore, are equal 
in magnitude, but are opposite in direc¬ 
tion. Therefore, this method of analysis 
may be used in any case where the leads 
are all brought out on one end of the 
machine so that the sum of the conductor 
currents in a given direction is zero per 
coil and per phase. Balanced currents 
between phases are not essential for the 
use of these current sheets in the manner 
proposed above. 

So far only the magnitude and space 
arrangement for the magnetomotive 
forces of the three phases have been 


fall either in cases 1-1, 1-2, and 1-3, or 
else in cases II-1, II-2, II-3 of figure 6. 
When n = 1, the wave is the first har¬ 
monic, that is, the longest possible wave 
in the machine. 

2. All harmonics which exist, travel 
their own wave length in one electrical 
cycle. 

3. Certain further statements are 
needed concerning the order of the har¬ 
monic, n. 

(а) When N is odd. For the first har¬ 
monic, n = 1. This is the longest har¬ 
monic, and has a wave length of 2 N rotor 
poles or a full repeatable group. When « = 
N the wave length is two poles and for posi¬ 
tive-sequence currents must travel syn¬ 
chronously with the rotor. This may be 
used to establish whether the harmonics 
come under case I or II of figure 6, and 
from this all the other harmonics and their 
performance can be found. 

(б) When N is even. The first or longest 
harmonic n = 1 has a wave length of N 
poles or a full repeatable group. When 
n =* N/2 the wave length is two poles and 
for positive-sequence currents must travel 
synchronously with the rotor. This estab¬ 
lishes whether the harmonics come under 
case I or II of figure 6. 

4. It is well known that these har¬ 
monics produce losses, reactance (of 
fundamental frequency), torques, radial 


factors through the preceding data, it is 
believed that in a great many cases it 
should be possible to avoid or at least to 
minimize the objectionable harmonics. 
It is recognized that no effort has been 
made to show at what points around the 
gap the harmonics will add to cause 
especially high resultant densities, such 
as might be expected at the ends of phase 
bands, but it should be possible to extend 
the work here to cover this feature, if 
needed. However, it is believed that at 
present it is more desirable to have data 
on the amplitudes of individual har¬ 
monics. For instance, if the stator frame 
and punchings are susceptible to vibra¬ 
tion with a two-pole wave around the 
entire gap, this is one harmonic to be 
minimized if it can occur in this machine. 

5. All possibilities of winding com¬ 
binations are far from exhausted by 
those permitted within the laying-out 
methods shown here. It is not necessaiy 
to restrict the coil sides of one phase in a 
certain layer to a given third under each 
pole. It is possible to get a balanced 
winding by a very great variety of meth¬ 
ods other than this and certain ar¬ 
rangements prove very useful (see dis¬ 
cussion by P. L. Alger of reference 4). 
At the moment they are probably less 
used, and certainly they appear to be 
much less susceptible to generalization. 

6. Further work on the flux setup 
by the type of windings discussed here 
and its effects on losses, forces, etc,, 
would probably yield results which would 
more than justify the time invested. The 
same is probably true of other types of 
balanced windings such as were men¬ 
tioned under (5) above. 

Appendix I 

Fractional Slot Windings With R/N 
Slots Per Phase Per Pole When 

N Is an Qdd Integer 

The specific case of 6/5 ths slots per phase 
per pole has already been discussed. It is 
desired now to obtain general results for 
three-phase fractional slot windings when 
N is an odd integer. 

First, general relations will be obtained 
concerning the regularity of the space dis¬ 
placement of the magnetomotive forces 
per group of artificial coil-sides. 

This can be accomplished most conven¬ 
iently by a rearrangement of the conductors 
•into a full repeatable group as shown in 
figure 4 instead of using the half repeatable 
group of figure 3. From figure 4 it is ap¬ 
parent that for any such winding where N 
is an odd integer that 


discussed, first for N an odd and then 
for W an even integer. In appendix III 


forces, and noise. By the: judicious 
choice of slot combinations and pitch 


GR&i + l 


(14) 
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where 

72 = the number of slots spanned from the 
coil side in the first to that in the 
second column on the chart, and 
(P 2 *** the lowest integer which will make 72 
an integer. 

It will be noted that CP 2 is the whole num¬ 
ber of pairs of poles spanned, and that (P 2 
is less than N and is single valued. The 
coil-sides spanned to that of the third 
column is 


2[6jR(P 2 + 1] 
N 


— 73 


(15) 


where Kx - 0 or 1 , the largest integer which 
will leave 73 still a positive integer. If 
Ki = 1, then the first term in equation 15 
will locate the coil-side in the third column, 
but in the second repeatable group. As a 
repeatable group represents 2 x radians for 
the first harmonic it is possible to omit the 
factor KiQR and to write the series of terms 
with the equal angular spacing 


P 


7* JT 

SR 


(16) 


(1*) 


For figure 4, 
N - 5 

m - 30 
(p* »4 
72 ■« 29 
* 29 

* “IS" 


It will be seen in figure 4 that all of the 
positive-polarity conductors are in the left 
half of the first repeatable group and the 
negative-polarity conductors are in the right. 
Each of the positive-polarity conductors 
may be paired with a negative one 3 R slots 
ahead of it (either in the first or the next 
repeatable group). Consequently, only the 
locations of positive conductors need be 
considered in writing the expression for the 
nth harmonic of top layer phase A coils, 
and the general expression for this is 

0 m 1) , \ 

2 sin ”U" m *) (18) 

m m 0 

Equation 18 might be written next in the 
usual form with a distribution factor in¬ 
cluded. However, since np may become 
quite large, it seems advisable to derive the 
expression without resorting to the usual 
geometric construction, because the signs 
of the final terms as well as their magnitudes 
will be quite significant. 

Let 

5 «* sin a + sin (a — b) + . .. + 

sin (a — rb) (19) 

where r is a finite integer. 

Multiplying through by 2 cos 5, 

25 cos 6 « (2 sin a cos b + 2 sin (a — b) X 
cos b + ..+ 2 sin [a — (r — 1)6] X 
cos b + 2 sin (a — rb) cos b\ (20) 

1938, Vol. 57 


Expanding each term on the right gives, 

25 cos b = {sin (a + b) + sin a + 
sin (a — b) + ... + sin [a — (r — 2)b] + 
sin [a — (r — 1)6]} + {sin (a - 6) 4* 
sin (a — 26) + sin (a — 36) + ... + 
sin (a — r6) + sin [a — (r + 1)6]} (21) 

or 

25cos 6 = {5 + sin (a + 6) — 

sin (a — r6)} + {5 — sin a + 

sin [a — (r + 1)6]} (22) 

and 

25[(cos 6) -1] - {sin (a + b) + 

sin [a — (r + 1)6]} — {sin (a — r6) + sin a) 

(23) 

Combining terms in the brackets on the 
right gives 

5(1 — cos 6) » sin ^ X 

| cos ^ - cos (r + 2) ^ | (24) 

_ 2 sin 6/2 sin (r + 1)6/2 

5 = -----—sin 

b 

2 sin 2 - 
2 


in ( a - f i) 


“ ( a ~ r i) 


(25) 


(26) 


(27) 


5 - (r + 1 )K d sin 
where 

sin (r + 1)6/2 
Kd " (r + 1) sin 6/2 

Reviewing equations 18, 19, 26, and 27, 
it is seen that equation 18 may be written 
as, 

2 r 9 (R - 1) 

A n f = —RK dn sin 1 


r« (R - 1) 1 

n [N~^- p J 


sin 


Combining terms, 

4 R „ T . np 

A » - ^ |_ sm Zn x 


or, 

4Jt 

Aff, 83 R-dftRpn X 

m r 


(28) 


(29) 


cos 


{ 


^_(g-j) npll 


N 




where 


Km 


r * - np/N\ 


...--is-<«> 

The next step is to combine the magneto¬ 
motive forces of the different phases. This 
requires certain generalizations concerning 
the possible arrangements of the space 
vectors. Referring again to the winding 
chart of figure 4, let, 

Rft -to' ] 

2 R 0 - <h' r ( 34 ) 

3RP = 4>*' ) 

Note that these are the angular displace¬ 
ments of coil-sides not necessarily in the 
first repeatable group, yet in the first col¬ 
umns of phases C, and B positive polarity 
sets and A of the negative polarity set of 
figure 4. Each angular displacement is ex¬ 
pressed with respect to the first coil-side 
in the phase A positive polarity set in the 
first repeatable group. The angular posi¬ 
tions for the coil-sides in these columns and 
actually in the first repeatable group will 
be called fa, fa, and fa in the same order as 
above. Then, 

to — to' — A 2 2x 1 

fa = fa' - Ki2 t and j- (55) 

fa “ fa' — Ka2tc J 

where Ki, K 9t and Ki are the appropriate 
positive integers which make fa, fa, and fa 
greater than zero, fa — t and fa and fa less 
than 2x 

It can be seen that 


P = — and 
SR 


where, 

sin RnP/2 
Kin * R sin «0/2 


So far only the top layer coil-sides in 
phase A have been considered. Let p = the 
chord or pitch angle of the coil where p = x 
for a full-pitch coil. The magnetomotive 
force of the lower layer coil-sides is displaced 
from the upper by just that amount, and is 
reversed in sign. Hence the »th harmonic 
in the total magnetomotive force of phase 
A may be written as, 

. 2 , r /». 


(36) 




2 n(> ~2NU (31) 
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fa f - 72X - (6-RCP2 + l) 

It is seen that 6R(p2 must be an even in¬ 
teger because 6 is even. Then ( 6 R &2 + 1) 
is an odd integer. Also since N is odd and 
Nyi = (QR (?2 + 1) is odd, it follows that 
7 j is an odd integer. Therefore, equation 35 
may be written in the form, 

fa = 72^/3 — Ki 2x 1 

- y,2w/Z -K,2 t M37) 

fa = 7 2 x — K&t J 

where 7 2 is an odd integer. 

Placing these on a polar diagram shows 
the possible relative space positions of the 
first harmonics of the different phases. 
Reference to the winding chart of figure 4 
will rule out the positions shown dotted in 
figure 5a. By taking differences in equation 
37 it is noted that 

fa *“* to 83 7 2 x/3 “ (Ki Ki)2ir and \ /^g\ 
to ~~ to — y^v/S — (Ki—Ki)2TT ) 

and it is seen that the possible arrangements 
are either of the sets shown in figure 56. 
These are shown again under “Space 
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Figure 8. Winding 
for 7/4 slots per 
phase per pole—chart 
and coil arrangement 


SLOT NUMBER l 2 3 4 5 6 7 8 9 10 II- 12 13 14 15 16 17 18 19 20 21 
COIL SIDE API ##AAH 


Arrangements’ 1 case 1-1 and case II-l of 
figure 6. 

These possible arrangements were arrived 
at from the location of the conductors in the 
positive polarity set in figure 4. Conse¬ 
quently, the relative angular displacements 
of the third, fifth, seventh, etc., space posi¬ 
tions for harmonics can be formed starting 
with case 1-1, figure 6, and increasing the 
relative angles by three, five, seven, etc., 
times, respectively. A similar procedure 
may follow from case II-1 as shown. These 
diagrams show the relative positions of the 
space vectors for any one value of n as 
produced by all three phase windings. No 
space relations between harmonics of dif¬ 
ferent frequencies are being considered. 

In determining the space vectors, only 
direct currents, or maximum positive cur¬ 
rents, in each phase are assumed. The posi¬ 
tive directions have been taken as inward on 
all phase conductors in the top layer under 
the first pole. Before considering the effects 
of the various phase currents the arrange¬ 
ment of the space vectors will be estab¬ 
lished for the cases where N is even. 


Appendix II 

Fractional Slot Windings With R/N 
Slots Per Phase Per Pole When 
N Is an Even Integer 

In the preceding discussion of fractional 
slot windings where N was an odd integer, 
use was made of the fact that the coil-sides 
in one layer of the winding located exactly 
N pole pitches (or a half repeatable group) 
apart carried currents of equal magnitude 
but in opposite directions. These were con¬ 
sidered as coils, and a symmetrical rec¬ 
tangular magnetomotive force was found. 
As pointed out before, this is not possible 
when N is even, because while the coil-sides 
in one layer which are exactly N poles apart 
are of the same magnitude they are in the 
same direction. Figure 7 illustrates the 
method to be used. Thus, for all three- 
phase synchronous machines when N is odd, 
there are 2 N rotor poles or 6 R stator slots 
per repeatable group, and when N is even 
there are N rotor poles or SR stator slots 
per repeatable group. 

If for the set of positive currents shown in 
figure 7 a negative current of equal total 
magnitude is assumed to be uniformly dis¬ 
tributed over the bore of the stator iron, 
the magnetomotive force across the gap can 
be determined from a field map; but since 
the gap periphery is large compared to the 
gap length, the magnetomotive force across 
the gap will closely approximate the saw¬ 
toothed wave shown in the figure. 11 will be 
noted here that the slot width has been 
treated as negligible. This is permissible 


in that this harmonic analysis is not pro - 
posed as accurate for magnetomotive force 
wave lengths approaching one slot pitch. 

. The treatment should not be used for such 
short pitch until the errors involved in as¬ 
suming simple rectangular and triangular 
magnetomotive force wave shapes have 
been duly considered. For currents corre¬ 
spondingly spaced, but in the opposite direc¬ 
tion, the magnetomotive force wave is as 
shown in figure 7. That these current 
sheets are a valid artifice has been shown in 
the main body of the paper and they now 
will be accepted as such. 

Referring to figure 7, let, 

M) - ~y/2 (1 + (/t) for x< {< 0 1 
and 

K& = +y/2(l —£/tt) forO< £< +ir 
where 

£ =* 2 ir for N poles 

From the above /(£) is.an odd function. 
Hence, 

/(£) “ a\ sin $ -(- sin + . .. + 

a m sin + . . . + etc. (40) 

where 

/ y/2 [sin — £/Tsinm£]d£ (41) 


(39) 


J fy/ 
'"‘Jo 


or 


dm = y/mir 


(42) 


Then when the magnetomotive force per 
coil side, y , is taken to be unity (as was done 
for the case of N an odd integer), it may be 
written that. 


m 


i r. i 

, ;L“* + a 


sin 2$ + *r sin 3£ + 
3 


. . . H— sin -f 
m 


.. - +, etc. J 


(43) 


Then 


SRPj .+ 1 
N 


(44) 


7a 


74' 


7 1 


It will be necessary to consider the wind¬ 
ing charts next for N even. Figure 8 shows 
one specific example. Taking the coil side 
in the first column of phase A as reference, 
then for the first repeatable group, 

72 7 — coil sides spanned to that coil side of 
the second column 

Vs' =* coil sides spanned to that coil side of 
the third column 

y 4 * coil sides spanned to that coil side of 
the fourth column, etc. 


where Pi — number of whole poles spanned. 
(Note P 2 is not the same as (P 2 used above 
for iV an odd integer). 


Similarly, 

2(3*P 2 + 1) 
N 

S(SRP 2 + 1) 


N 




- KbSR 


- KbSR 


(44a) 


etc. 


where Kb, Kb, Ki + 2 are the largest positive 
integers which leave 73 ', 74 ', etc., positive 
integers. 

It is seen next that for conductors in 
adjacent columns 


7 m 


7 1 


(3 RP 2 + 1) 

N 

(K m+2 -K l + 2 )SR (45) 


It is evident that 72 ' = [(SRP 2 + 1 )/N] 
is an integer, and since the case now 
under consideration is that of N an even 
integer, it follows that (SRP 2 + 1) must be 
an even integer. Also, by definition, R 
is always an odd integer for N an even inte¬ 
ger. Hence P 2 is an odd integer. The 
factor (K m + 2 — Ki + 2 ) SR always repre¬ 
sents an integral number of repeatable slot 
groups, and, therefore, indicates an even 
number of poles spanned. Consequently, 
the polarity of the conductors (figure 8 ) 
taken by columns will always alternate 
when N is even. The number of coil-sides 
per repeatable group is R. For N even, R 
is always an odd integer, as stated above. 
Therefore, the coil sides in the first columns 
of phases A and B are of the same polarity, 
and that of phase C is of the opposite po¬ 
larity. Taking the first coil side of phase 
A as positive, there will be [(R + l)/2] 
positive and [(R — l)/ 2 ] negative con¬ 
ductors in phase A and the same in B. 
Also, there will be [(R — l)/2] positive and 
l(R + l)/2] negative coil sides in phase C 
per layer per repeatable group. Due to the 
alternating polarity of the conductors it is 
possible to write 

r~ 1 

i 2 

A n ' = — < X sin n (£ — m2p') —• 
wn I 0 


-(*r) 

2 sin » (£ — j8' — m2p') 

TO ** 0 


(46) 


By the aid of equations 19 to 27 this may be 
rewritten as 


V = —(K dn '-K dn ‘) X 
t n 



sin n |j? — 


(47) 

A ' = 

2R rr ■ r 

— K in sin n 1 
im L 

(R- 1) 
f 2 





(48) 

where 




K dn ' 

. /* + l\ 
“ Sm ( 2 ) 

ms' 

(49) 


R sin n0' 
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Kin" 

rr _ 

sin {h- 

2? sin 

Kin - Kin 

Kdn ~ 

2 

K dn = 

Rn/3' 

COS — 

n0' 

2R cos — 

where 

II 

*JT 


6=2t for two pole pitches 


/S' - ||2x 
32? 


(50) 


(51) 


(52) 


The pitch factor may be derived much as 
was done earlier for equations 32 and 33. 
This time the magnetomotive force of the 
nth harmonic for the two layers of the A 
phase winding may be written as 



such current sheets cancel except a single 
negative one which goes with one of the 
positive polarity conductor sets. Hence, the 
factor K dn is not quite a distribution factor in 
the usual sense. The effect of one arti¬ 
ficial current sheet is included. This will 
be cancelled out when the effect of the other 
layer of coil-sides in this phase is added to 
determine K$n (all for the case of N, an 
even integer).. The coefficients Kan and 
K P n for the case of N, an even integer, are 
still defined in this paper as distribution and 
pitch factors, respectively. While this is 
not quite in accord with the usual form for 
integral slot windings, nevertheless, these 
definitions will be adhered to in what is to 
follow because they seem to be the most us¬ 
able forms. 

The next step for N even is to determine 
the space arrangements for the harmonics 
when all phases are considered. From 
equation 52, 


R0' = 7 2 '27t/3 
2Rfi' = 7 2 '47r/3 
3 Rfi' = T a '27r 


(56) 


For N an even integer and for the first 
repeatable group, let, 


\p 2 = angular position of the first coil-side 
in phase C (by columns on the winding 
chart) with respect to that of phase A 
fa = same for phase B 
\J/i = same for phase A of the next repeat- 
able group 


A n - K dn K pn X 

TTlt 

+ ^j (54) 

where the pitch factor when N is even is 

rr . np fir np\ . 

A,„ = s m— - cos^- ——J (55) 

The significance of K dn r > Kdn* and Kdn 
should be given further consideration. 
Reference to equation 29 and its derivation 
will show that K dn as defined for the case 
of N an odd integer, is in accord with the 
usual definition of the distribution factor 
for integral slot windings. It takes into 
account only the distributed effect of the 
armature coils per phase. 

However, for the case of N an even inte¬ 
ger, it was found convenient to introduce 
artificial current sheets on the stator bore. 
Each conductor of a set of conductors with 
exactly N poles between each adjacent pair, 
carries current in the same direction. The 
sum of these currents was assumed to return 
in the current sheet. Such a set of conduc¬ 
tors and their current sheet, when considered 
as a unit, produced a saw-toothed magneto¬ 
motive force wave. The factor K dn f is 
[(R -f- l)/2 R] times the distribution factor 
per layer per phase for all of the positive 
polarity conductors with their artificial 
current returns. The factor K dn u is 
[(R — 1)/2R\ times the distribution factor 
for the negative polarity conductors of the 
same layer and phase taken with their 
artificial current sheet returns. The factor 
K d n which is to be called the distribution 
factor takes into consideration all the con¬ 
ductors per layer for this phase plus just one 
current return, because on superposing, all 


Then, 

fa = 72 ' 2tt/3 — Ktfir 
~ 72 ' 47r/3 — K*2t 
^4 = 72 ' 27r — KOr 


(57) 


where Ki , Ks, K 9 are the highest positive 
integers which will make \j /2 and ^3 each 
greater than zero and less than 2v and which 
will make \p\ equal to 2ir. 

Subtracting, 

— i/'s = 72 / 27r/3 — {IU ~ Ks)2tt ) 
fe - *2 “ 72'2t/3 - (K* - K 7 )2t J 


Equations 57 and 58 establish the two pos¬ 
sible space positions of +Ai, —C\ and -j-Fi 
for the first harmonics as shown by case 
1-1, and case II-l of figure 6. The phase C 
vector appears as (— Ci) in these two cases 
because the polarity of the first coil side 
in the C phase by columns on the chart is 
always negative because of the alternating 
polarity of conductors in successive columns, 
and there is one more negative than positive 
polarity coil side in the phase C group. 
Caution must be exercised in locating the 
relative space arrangements of vectors for 
the second and higher even harmonics. 
The idea expressed by equations 10 and 11 
is applicable here. 

Suppose for N an even integer, it is de¬ 
sired to locate the relative positions of the 
space vectors An, Cn, Bn, where n is the 
order of the harmonic. Refer either to 
case 1-1 or case II-l of figure 6. Take the 
position of An to be in the same direction as 
Au If the angular displacement of — Ci 
with respect to A\ is increased by n times, 
this gives (— C n ). Then +C«, the C vector 
desired, is ic radians from — C n where A n is 
the reference vector. If the angular posi¬ 


tion of -\-Bi is increased n times, the posi¬ 
tion of + B n is found with respect to A n 
directly. The caution above applies par¬ 
ticularly to the location of the + C n vector 
relative to the + A n space vector when n 
is an even number. 


Appendix III 

Resultant Magnetomotive-Force 
Waves for Fractional Slot Windings 

So far only the space vectors have been 
determined for N an odd and for N an even 
integer. It is possible to establish, now, 
the resultant magnetomotive force waves 
when positive, or negative, or zero-sequence 
currents are assumed for the phase windings. 
These are shown in figure 6, but brief 
derivations will be given here. 

The space vectors of figures 5 and 6 are 
determined on the basis that for either 
figure 4 or figure 8, unit positive currents 
flow in all the top layer conductors under the 
first pole. Consequently, for positive se¬ 
quence currents in the lines the currents in 
phases C and B lag those in phase A by 
60 degrees and 120 degrees, respectively. 
For negative-sequence currents in the line 
these angles of lag become angles of lead, 
and for zero-sequence currents in the lines 
the currents in windings A and B are in 
phase and lead those of C by 180 degrees. 

Case 1-1 and case II-2 of figure 6 may be 
treated jointly. The resultant magneto¬ 
motive force produced by the positive- 
sequence currents is, 

H n = **¥£*£ & | sin «£' sin wt + 
nir ( 

sin (»£' + tt/ 3) sin — t/ 3) + 
sin + y) sin ^o>t - y ^ j (59) 

where £' = 2r for the wave length of the 
first or longest harmonic. Then 

H n - - l X — Kin Kpn cos («£' + a) 

(60) 

This is a negatively rotating wave of 
3/2 times the magnitude per phase traveling 
its own wave length in one electrical cycle. 

Similar calculations were made to prove 
the remaining data on figure 6. It will be 
noted the harmonics for a winding fall either 
all under cases I or all under cases II, 
In general, the amplitude of the traveling 
wave, if one exists is 

|jr,| - 1.91 — KanKpn (fit) 

n 

In the use o; equation 61 it should be 
noted that R/N, the slots per phase per pole, 
defines R 

I « the crest current per coil side 
K d n = the distribution factor. This is de¬ 
fined by equation 29 when N is odd 
and jointly by equation 49, and 50, 
and 51 when N is even 
Kfn — the pitch factor defined by equation 
33 when N is odd and by equation 
55 when N is even 
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n = the order of the harmonic whether 
odd or even 

It can easily be shown that with positive- 
sequence currents flowing in the winding, 
the harmonic of wave length equal to two 
rotor or field poles, travels with the field at 
synchronous speed. This will be called the 
synchronous harmonic. When N is an odd 
integer then for the synchronous harmonic 
n = N. When N is an even integer, the 
synchronous harmonic n — N/2. The value 
of n for this harmonic may be found under 
either case I or case II of figure 6 for 
positive-sequence currents. When this is 
located all the other harmonics regardless 
of sequence will conform to that case (I or 
II) in which the synchronous harmonic has 
been located. 
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Discussion 

W. V. Lyon (Massachusetts Institute of 
Technology, Cambridge): We are much in¬ 
debted to Professor Calvert for clarifying 
computation regarding fractional-slot wind¬ 
ings. 

In such windings the fundamental poles 
are those having the greatest possible pole 
pitch. The principal poles are those having 
the greatest flux per pole. With integral- 
slot windings the fundamental poles are the 
principal poles. With fractional-slot wind¬ 
ings the winding is arranged in repeatable 
groups, each group covering either an odd 
or an even number of principal poles. 
When the ’ repeatable group covers an odd 
number of principal poles, only odd har¬ 
monic components of the fundamental poles 
are present. When the repeatable group 
covers an even number of principal poles, 
both odd and even harmonic components 
of the fundamental poles are present. If 
these windings are symmetrically arranged, 
balanced polyphase currents produce cir¬ 
cular fields of each harmonic order if the air 
gap is uniform. With a three-phase sym¬ 
metrical winding, positive- and negative- 
sequence currents produce no harmonic 
field having 3 k times as many poles as the 
fundamental field; where k is any integer. 
The other harmonic fields, taken in order, 
rotate oppositely ; that is, the fundamental, 
seventh, thirteenth, and nineteenth rotate 
in one direction, while the fifth, eleventh, 
and seventeenth rotate in the opposite di¬ 
rection. The third, ninth, and fifteenth 


harmonic fields, which are produced only 
by zero-sequence currents, do not rotate. 
They are stationary fields which pulsate at 
the frequency of the zero-sequence current. 

There are two types of symmetrical frac¬ 
tional-slot windings which I shall name 
"regular” and "irregular.” Professor Cal¬ 
vert discusses the regular windings only. 
They are the ones for which general formulas 
can be developed. All other windings are 
irregular, and each one must be considered 
as a separate problem. With a regular wind¬ 
ing the vectors which represent the compo¬ 
nents of the principal polar flux due to the 
current In the individual coils of one phase 
are equally spaced from each other like the 
sticks of an open fan. This is true whether 
the repeatable group covers an odd or an 
even number of principal poles. 

The following test can be applied to deter¬ 
mine whether the winding is a regular one. 
Let x, y, z, u, . . . . etc., be the numbers of 
consecutive top-coil sides in the successive 
phase groups, a , b t c, etc. That is, x is the 
number of top-coil sides in adjacent slots 
of phase a; y is the number of top-coil sides 
in the next phase group b; z is the number of 
top-coil sides in the next phase group, c; 
u is the number of top-coil sides in the next 
phase group, a , etc. Let P be the number 
of principal poles covered by the repeatable 
group, and let S be the number of slots of 
one phase in the repeatable group. If the 
winding is regular, the following P fractions 
can be arranged in a series so that the dif¬ 
ference between successive fractions is 
l/P:S/P - *, 2S/P - x - y, 3 S/P - x 
— y — s, 45/P — x — y —z — u , etc. For 
example, if the repeatable group covers 
five principal poles and the top-coil sides 
in successive slots are arranged so that there 
are two in phase a , three in phase b, two 
in phase c, three in phase a, and two in phase 
b, these fractions are 12/5 — 2 — +2/5, 
24/5 - 5 = —1/5, 36/5 - 7 - +1/5, 
48/5 - 10 - -2/5,60/5 -12-0, When 
arranged in order, the fractions are —2/5, 
—1/5, 0, +1/5, +2/5, the common dif¬ 
ference being 1/P — 1/5. 

It follows that x, y, z, etc., must equal 
either n or n + 1, where n may be any 
integer. Table I shows the possible values 
of x, y, z, etc., when, the repeatable group 
covers two poles, four poles, five poles, seven 
poles, and eight poles. In any one case 
either the plus (+) signs must be chosen or 
the minus (—) signs must be chosen. 


Table I 


2 poles 

4 poles 

5 poles 
5 poles 
7 poles 
7 poles 

7 poles 

8 poles 
8 poles 


»,#+ 1 

n, n, », n * 1 

n, », n, »,»*!• 

n, n * 1, n, n * 1, n 

n , n, n, n, n, n, n * 1 

n, n, n, n * 1, n, n, n 1 

n, n «•= 1, n, n * 1, », n, n * 1 

n, n % n , », », », #,» ■«* 1 

n,n **=. 1, n, n, n * 1, n, n, n ± 1 


The simpler case is the one in which the 
repeatable group covers an odd number of 
principal poles. There are then only odd 
harmonic multiples of the fundamental 
poles. The pitch factor for the gth har¬ 
monic of the fundamental poles is K pq = 
sm{qp/2R)x; where p is the coil pitch in 
slots and R is the number of slots in a re¬ 
peatable group. The breadth factor for the 


gth harmonic of the fundamental poles is 

r - sin £ gfl 
^ S sin qp 

where S is the number of slots in one phase 
of a repeatable group. Professor Calvert 
gives a simple method for computing the 
angle j8. 

When a repeatable group covers an even 
number of principal poles I find there is 
no difficulty in combining the vectors which 
represent the component fluxes due to the 


Table II 



60 Slots 

57 Slots . 

0 

Kbi 

0.955 

0.952 

Kbs 

0.200 

0.192 

Kbr 

0.150 

0.137 

Kbu 

0.110 

0.088 

Kbit 

0.102 

. 0.075 


individual coils of one phase and without 
recourse to the fictitious current distri¬ 
bution that Professor Calvert uses. The 
pitch factor for the gth harmonic compo¬ 
nent of the fundamental poles is K pq 
=» sin (qp/R)v, where p is the coil pitch in 
slots and R is the number of slots in a repeat- 
able group. It seems best to give a separate 
breadth factor for each of the four cases 
listed in table I. 

Repeatable Group Covering Two Poles. 


Kj)q 


sin 5 got 
S sin got 


if g is odd 


Km — 


cos S got 
S cos got 


if g is even 


S is the number of slots per phase in a re¬ 
peatable group, and « is one-fourth the 
angle between slots on fundamental scale, 
or ot a 2ir/125. 

Repeatable Group Covering Four Poles. 
There are two cases, the first in which the 
number of consecutive upper-coil sides in 
successive phases are n, n, n, n + 1, and 
the second in which the numbers of consecu¬ 
tive upper-coil sides in successive phases 
are n, In both cases 


K H 


sin S got 
S sin got 


if q = 2,6,10 


Km 


cos S got 
S cos got 


if 2 


.4, 8 12 


In the first case, if g is odd, 

• 1^ co s S ga sin S got 

S cos ga =*= sin ga 

upper signs if g = 3, 7, 11 
lower signs if g » 1, 5, 9 

In the second case the + and — signs in 
the denominator are interchanged. S is 
the number of slots per phase in a repeatable 
group, and a is one-eighth the angle between 
slots on fundamental scale, or a - 2v/245. 

By this method formulas can also be 
derived for the breadth factor when the 
repeatable group covers eight principal 
poles. . •, 

The same pitch and breadth factors can 
also be used in computing the harmonic 
components of the open-circuit electromotive 
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force of a synchronous machine. Due to 
geometrical symmetry the air-gap flux 
distribution usually consists of a funda¬ 
mental and odd harmonics. The number of 
these fundamental poles, however, is the 
same as the number of the principal poles 
for which the armature is wound. Therefore 
the gth-harmonic breadth factor to be used 
in computing the open-circuit electromotive 
force generated in a regular fractional-slot 
winding is 

sin 5 qa. 

&bQ ~ $ s in qa 

where S is the number of slots per phase in 
a repeatable group, a equals 30 degrees 
divided by S, and the principal poles are 
considered to be the fundamental poles 
(q » 1). For all odd harmonics, except for 
the third and its multiples, the numerator 
of Kbq is 0.5. The electromotive force 
breadth factors for a regular fractional-slot 
winding having S slots per phase in a repeat- 
able group are the same as the breadth fac¬ 
tors for an integral-slot winding having S 
slots per pole per phase. Since S is ordi¬ 
narily greater than the usual number of slots 
per pole per phase, the fractional-slot 
winding more nearly approaches a uniformly 
distributed winding than does an integral- 
slot winding. Consequently the breadth 
factors for the fractional-slot winding are 
less than the corresponding breadth factors 
for an integral-slot winding. The difference 
between corresponding breadth factors be¬ 
comes greater as the harmonic order in¬ 
creases. Hence a fractional-slot winding 
gives a smoother wave-form of generated 
electromotive force than an integral-slot 
winding. For example, a four-pole winding 
in 60 slots has 5 slots per pole phase, but 
a four-pole winding in 57 slots has 19 slots 
per phase. The corresponding breadth fac¬ 
tors for these two windings are in table II. 

The fundamental breadth factor for elec¬ 
tromotive force is greater with a regular 
fractional-slot winding than with an ir¬ 
regular winding having the same number of 
slots. 


L. A, Kilgore (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper makes it possible to cal¬ 
culate, by substitution in a relatively simple 
formula, the magnetomotive-force har¬ 
monics of a fractional slot winding. The 
earlier method described in a paper by Mr. 
Q, Graham required the calculation of the 
harmonics for each coil and a rather labori¬ 
ous method of combining these to give the 
resultant magnetomotive force. Not only 
is much time saved, but the chance of an 
error is much less in this more direct method. 

Further study on the effects of these sub- 
synchronous harmonics on vibration and 


losses would be very valuable. The writer 
has done some work on the problem of 
vibration produced by the longer pitch 
harmonics of force resulting from the 
harmonics of air-gap density. If a frame is 
susceptible to vibration due to a four-pole 
force wave which pulls in on opposite sides 
of the frame making it elliptical, then one 
must not only look out for the two-pole 
component of the flux wave, but also any 
harmonic whose order differs from the 
synchronous harmonic by 2 (or whose pole 
number differs by 4), for this may con¬ 
tribute a large four-pole force wave since the 
force depends on the square of the re¬ 
sultant flux density wave. 


Quentin Graham (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): Mr. Calvert has greatly 
simplified the calculation of the coefficients 
of the lower order harmonics by making use 
of a symmetry which has not been pointed 
out heretofore. Thus instead of adding to¬ 
gether a series of unsymmetrically spaced 
vectors as was suggested in a previous paper 
he has made use of easily computed distri¬ 
bution factors. One practical aspect of this 
problem which has occurred to me is that it 
is often necessary to locate the phase posi¬ 
tion of the resultant nth harmonic vector 
of one phase with respect to particular coils 
so that a rearrangement or omission of coils 
can be made to reduce that particular 
harmonic. The resultant vector probably 
corresponds to the position of the center 
coil of the repeatable group but care must 
be taken to determine whether its value is 
positive or negative. Can the author clarify 
this point? I believe it will add to the use¬ 
fulness of the paper. 


J. F. Calvert: I wish to thank Professor 
Lyon for his very helpful discussion. The 
first two paragraphs of his discussion are in 
complete agreement with the paper. Pro¬ 
fessor Lyons' method for determining 
whether or not a winding is a “regular one” 
is a desirable addition. The formulas he 
presents for pitch factor and for distri¬ 
bution factor when the number of poles for 
the slots to repeat (N in the paper) is an 
odd integer, appear to be identical with 
those in the paper. For the case where N 
is an even integer his pitch factor seems to 
be identical with that shown in the paper. 
The development for the distribution factor 
which he indicates for the case of N an 
even integer seems to result in a variety of 
forms depending upon whether the harmonic 
is odd or even and also on the type of “regu¬ 
lar winding” used. The only justification 
for this increased complexity seems to be 
the avoidance of the artificial current sheet 
introduced in the paper. As the product 


of pitch factor and distribution factor is to 
be used in computation this latter artifice 
is entirely justifiable. This is a method of 
solution which it seems to me should be 
resorted to freely if it simplifies either solu¬ 
tion or result. This with the appropriate 
use of artificial magnetic sheets has proved 
most useful in magnetic force loss and 
reactance problems as well as in this prob¬ 
lem where only one expression is needed for 
the distribution factor for N an even integer 
in the type of windings discussed in the 
paper. 

I am in full agreement with Mr. Kilgore's 
remarks, and hope that further work can be 
done to apply the results of this paper to the 
study of forces and losses. 

One possible answer tp Mr. Graham's 
question for the case where N is an odd 
integer lies in equations 18, 28, 29, and 32 
of the paper. (The first three of these are 
really sufficient.) Equation 28 shows the 
angular position and magnitude of the radial 
air-gap magnetomotive force produced by 
the phase A coils in the top layer of the wind¬ 
ing. The resultant is located here with 
respect to the first coil side in the top left- 
hand comer of the winding chart of figures 
3 and 4. The middle coil, if one existed, 
is located by the sine term. However, 
K dn may be either plus or minus. Another 
way to consider the matter is to consider the 
series of terms in equations 18 and 28 as 
space vectors. The vectors are spaced out 
by an angle »j9 from one another when the 
set of coil sides producing them are chosen 
in the order in which they appear by 
columns in figure 4. Thus coil sides 1 and 
19 produce the first space vector, then coil 
sides 29 and 12 produce the. second space 
vector, then 23 and 5, etc. 

For the case where N is an even integer a 
similar statement may be made regarding 
the resultant magnetomotive force due to 
the top layer coils and one current sheet as 
expressed by equation 48. However, in 
this case the coil sides and their artificial 
current sheets always alternate in sign or 
polarity when considered in the order in 
which they appear in the chart by columns 
(see figure 8, and the discussion above 
equation 46). 

This means that it may be desirable to 
consider these as two sets of space vectors 
and to make use of Kdn an< i Kan • either 
case equations 47 and 48 are available and 
written with respect to the first coil side in 
the top left-hand corner of the chart of 

figure 8. , , ' . - 

I may add that it is intended to publish 
at an early date a table of distribution fac¬ 
tors covering a range for N from 5 to 29 
where N is an odd integer and 4 to 32 when 
N is even, and values of R from (N +1) 
to (5 N 4* 1) in each case. The values of 
n in all cases will be from 1 to 23, inclusive, 
where n =* 1 is the first or longest harmonic 
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The Economic Status of the Engineer 

By R. W. SORENSEN 

FELLOW AIEE 


Synopsis: This is not a committee report, 
though perhaps it could be made to serve 
as such, because its genesis was a request 
from the committee on the economic status 
of the engineer that a paper be written 
around the author’s remark, “The economic 
status of the engineer is largely a matter de¬ 
termined by each individual engineer ac¬ 
cording to his particular personal qualifica¬ 
tions and the relations these bear to the 
work he does and to the personalities of those 
persons with whom and by whom he is 
employed.” 

The study on which the paper is based 
shows conclusions which may be briefed as 
follows: 

Engineers, through suffering considerable loss of in¬ 
come and employment during the recent years of 
business depression, on the whole have fared much 
better than most classification groups, be they 
government, capital, profession, or labor. 

Preceding the depression, there was no lack of em¬ 
ployment for engineers and their compensation for 
the most part was equitable in comparison with the 
pay for other types of service. 

The verdict of users of engineering service re¬ 
garding the reasons why engineers who have not 
made satisfactory progress professionally or in their 
economic status is almost unanimous that such 
failures are due to deficiencies in personality, gen¬ 
eral culture, tact, industry, etc., rather than for 
lack of technical training. 

Graduation from college is prerequisite to success in 
engineering, but does not per se guarantee an engi¬ 
neer. 

The education obtained by taking engineering 
courses and engaging in the practice of engineering 
for most of those who have chosen the routes thereof 
has led to “the more abundant life" and a better 
economic status than the lots of the families from 
which engineers have come. 

If the writer were not a pedagogue, tHp 
summary and the list of references would 
probably constitute the entire paper, be¬ 
cause most of the readers will probably 
have time for reading only the summary. 
The readers whose engineering conscience 
will not permit ready acceptance of un¬ 
supported statements, will be burdened with 
the urge to read not only the entire paper but 
will have a desire to consider all the informa¬ 
tion available publications afford. In writ¬ 
ing the paper, much use has been made of 
data in bulletins published by the Bureau 
of Labor Statistics, In this paper these 
are called bulletins or noted by numbers. 
For a complete list of these bulletins see 
footnote to article, “Sources of Engineer¬ 
ing Income, 1929-1934,” page 1353 in Elec¬ 
trical Engineering, volume 56, November 
1937. 


T HE ECONOMIC status of the engi¬ 
neer is bifunctional in its scope—one 
part deals with the value of the integrated 
work which all engineers have contributed 
to the progress and welfare of mankind; 
the other part has to do with economic 
recognition in the way of social position 
and salary which engineers and their 
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families receive in return for service 
rendered. 

Electrical Engineering in the Sep¬ 
tember 1932 number announced for the 
first time the appointment of a committee 
to be known as the “co mmi ttee on the 
economic status of the engineer.” The 
function of that committee is set forth in 
Institute by-laws, article III, section 83, 
which says this committee “shall consist 
of five members, and shall consider mat¬ 
ters relating to the position, function, and 
responsibility of the engineer in the de¬ 
velopment of human welfare, and make 
reports and recommendations to the board 
of directors thereupon. The committee 
shall co-operate with similar co mmi ttees 
of other engineering societies, and shall 
also consider and report upon all matters 
referred to it by the board of directors, 
the president, and the national secretary.” 
The language of this article shows wisdom 
in its formulation and clearly charges the 
committee with the duty of keeping in¬ 
formed and advising the members of the 
Institute, through its board of directors, 
of ways and means whereby they may be 
of service to mankind. Such responsi¬ 
bility would be overwhelming, were it 
not for the fact that all engineering aims 
at exactly the goal specified. 

The world's economic evolution has re¬ 
sulted in much classification of the workers 
responsible for changing the habits of its 
citizens from those of the jungle to our 
present complex but regal standard of 
living, though jumbled be its attendant 
economic program under which we are 
muddling along. 

One group of these workers is known as 
the professional men's group. Profes¬ 
sional men are, perhaps, best defined by 
saying they are men who have profes¬ 
sional education; that is, “the training 
that fits men for special vocations in 
which science is applied to the practical 
purposes of life. It supposes, as its basis, 
the knowledge and discipline which gen¬ 
eral culture affords.” 

Many attempts have been made to 
write an all-inclusive definition for the 
engineer, but the rapid march of time has 
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made each effort obsolete, even as the 
progressive science of engineering rather 
than the wearing out of machines has 
relegated many engineering products to 
the oblivion of the obsolete. 

Engineers qualify as professional 
men by having professional education. 
Government research as to the “Educa¬ 
tional Qualifications in the Engineering 
Profession,” shows, as set forth in Bul¬ 
letin R-400: 

“A first degree in engineering is now almost a pre¬ 
requisite in order to obtain professional status and 
a position. Postgraduate work, however, is im¬ 
portant only In a few of the professional classes. 
The tendency of engineers to transfer from the 
course of college specialization, to other classes of 
work is negligible. These are a few of the facts de¬ 
veloped in the survey of the engineering profession, 
which was undertaken by the Bureau of Labor 
Statistics in May 1936, at the request of the 
American Engineering Council." 

Figures on which the above statements 
are based show that only 1.52 per cent 
of the engineers who began practice be¬ 
tween 1930 and 1934 were not graduates. 
For all years up to 1929, 27.6 per cent of 
all engineers were not graduates. For all 
years up to 1935, 17.7 per cent of all engi¬ 
neers were not graduates. For all years 
up to 1935, 13.3 per cent of all electrical 
engineers were not graduates. Also the 
number of engineering graduates with 
more than one degree is very small, viz., 
V 2 per cent and V 10 per cent only having 
respectively masters' and doctorate de¬ 
grees. 

The doubt expressed as to the impor¬ 
tance of postgraduate work is challenged, 
because graduate work in engineering 
colleges is too new to provide enough 
statistical data to draw conclusions as to 
its value. There is strong evidence, how¬ 
ever, that men who are qualified for and 
have completed graduate courses which 
are provided in properly manned and well- 
equipped colleges for the study of modem 
science and mathematics as applied to 
engineering, have, for the most part, ad¬ 
vanced in professional status at rates 
which show justification for graduate 
work. In the author’s opinion, the limited 
number of men who have the special 
scientific and mathematical ability to war¬ 
rant the continuation of postgraduate 
work unto the earning of a doctorate de¬ 
gree (and no others) should be encouraged 
toward that end. 

A poet scanning these data and writing 
in Biblical language might well say, “It 
is easier for a camel to go through the eye 
of a needle than for a man to become an 
engineer without the advantage of gradua¬ 
tion from an engineering college,” or 
expressed in current language of the 
street, it may be said, “The odds are bet¬ 
ter than 98 to one you can’t be an engineer 
without graduation.” 
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In fact the engineer finds that gradua¬ 
tion does not end study, but that he must 
supplement his practice by continued 
study else he will lag behind just in pro¬ 
portion as his interest in research and 
study wanes. Perhaps, therefore, it will 
be easier to determine who are engineers 
by the manner in which they do their 
work, rather than to judge by graduation, 
license to practice, by passing examina¬ 
tions, often irrelevant to the kind of 
engineering done. 

The law says a boy becomes a man the 
day he is 21 years old, but, except for 
legal privileges and voting, no change 
takes place on the 21st birthday, but 
rather a boy becomes a man when he 
puts away childish things and meets his 
problems in a manly way. 

So with becoming an engineer. A man 
does not become an engineer because he 
graduates, or because he completes a test 
course and becomes a good draughtsman, 
mechanic, calculator, designer, or pro¬ 
fessor of electrical engineering. He be¬ 
comes an engineer when he diligently and 
intelligently uses his God-given and 
hereditary talents, his education, his 
environment, his background, and his 
personality to produce new ideas and, 
through the medium of the crafts men¬ 
tioned, finds ways and means for putting 
these ideas to work and makes a scientific 
analysis of his procedure in order that he 
may proceed by the engineering method 
rather than by cut-and-try or empirical 
methods. 

Engineers, perforce, must at once be 
very co-operative and very individualistic. 
The co-operative characteristic is neces¬ 
sary because engineering problems of 
today are too large for one man to solve, 
and must be worked out by groups of men 
working in such close relationship as often 
to make practically impossible any 
acknowledgment as to the source of key 
ideas which unlock the problem solu¬ 
tions. Engineers must be individualists in 
order that each may contribute his share 
to the profession, by discovering in the 
daily tasks performed, new problems and 
their solutions. As illustrative of the 
latter point, consider the 27 Edison 
Medalists, beginning with Elihu Thomp¬ 
son and including the most recent one, 
Gano Dunn. No two of the entire 27 
have traveled even similar paths to suc¬ 
cess. In fact, in all engineering history 
there are probably no case records which 
show that two engineers have done identi¬ 
cal work, even in instances where pro¬ 
motions and other causes have made 
vacancies in organization that result in 

succession appointments. 

Thus we see that engineers in their re- 
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lations with their work and fellow men 
have true professional status in that the 
particular contributions of each engineer 
to society are unique. 

The other phase of the economic status 
of engineers, bluntly stated, is to what 
extent does all this work enable them to 
provide themselves and their families 
with good social positions and the use of 
the facilities for human betterment which 
engineers have made available. This part 
of the question, while not specifically 
mentioned in the Institute by-laws, is 
implied by the name of the committee, 
and committee consideration thereof is 
expected by the Institute members. 

Statistical data regarding employment 
and income are now available in bulletins 
published by the United States Depart¬ 
ment of Labor, Bureau of Labor Statistics. 
Parts of the data in these bulletins have 
been published in Electrical Engi¬ 
neering. 

A study of these data and much other 
information obtained from the printed 
page, by discussion with others, and by 
experience on the part of the author, 
seems to warrant the conclusion that the 
economic status of engineers in compari¬ 
son to that of other citizens is for the most 
part reasonably equitable, though many 
engineers are of the opinion that the mem¬ 
bers of the engineering profession have 
received less reward than their work war¬ 
rants. 

Bulletin No. £-497 opens with the 
sentence: “As far as is known, the recent 
depression was unique in its disastrous 
repercussions upon professional groups.” 
This, after all, is just another way of 
saying the depression was terribly severe, 
extending even into the professional 
groups to such an extent as to show a 
simultaneous unemployment of about 11 
per cent of all engineers, all of the several 
engineering classifications suffering to 
about the same degree. As might be ex¬ 
pected, there was a greater percentage of 
unemployment for engineers over 53 or 
under 27 years of age. Summary analysis 
number 9 of this bulletin says: 

«q The type of education the professional engi¬ 
neer had received did effect variations in both the 
incidence and severity of unemployment. These 
factors were very much less for postgraduates than 
for engineers with other types of education. But 
as between engineers with first degrees in engineer¬ 
ing and those whose college course was incomplete 
or who had attended noncollegiate technical schools, 
the differentials were very slight.” 

Other information shows less than three 
per cent of the graduates of some engineer¬ 
ing colleges unemployed at any one time 
during the depression years 1930-1935. 
No comparable data being available for 
the other professions, it is difficult to 
know just what a reasonable standard of 
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depression unemployment should be, 
but there is every reason to believe that 
lawyers, physicians, dentists, though busy 
did not fare any better than engineers in 
regard to net income received for service 
rendered. It is also very certain that 
engineers, in that respect, fared better 
than skilled mechanics and other crafts¬ 
men who constitute much of our working 
citizenry. 

Bulletin No. £-543, “Employment in 
the Engineering Profession, 1929-1934,” 
shows among other things that during the 
five-year period of rampant unemploy¬ 
ment, the number of engineers graduating 
into the profession was 25.3 per cent the 
number engaged in engineering in 1929. 
Since the nation-wide unemployment of 
engineers at any one time reached a maxi¬ 
mum of 17.7 per cent, there was, even 
during unemployment times, a consider¬ 
able amount of employment for the begin¬ 
ner in engineering. The number of engi¬ 
neering graduates, therefore, probably 
was not too high for normal times and 
the indication is that all should be needed 
by industry, if only persons well qualified 
for engineering work choose to enter the 
profession. 

Bulletin No. £-588, “Income and Earn¬ 
ings in the Engineering Profession, 1929- 
1934,” presents much very interesting 
data. Table I is part of table 3, page 7, 
of Bulletin No. £-588. 

The table shows that in 1929 all but ten 
per cent of the engineers received wages 
equal to or better than the wages of 
skilled mechanics, as published in Bulle¬ 
tin No. 616, “Wages and Hours of 
Labor,” which lists the pay for skilled 
and unskilled labor in many industries 
and shows mechanics* wages are $25 to 
*35 per week with occasional skilled oc¬ 
cupations paying larger amounts. 

First-degree engineering graduates start 
work at about *25 to *30 per week. 
Graduates with master’s and doctorate 
degrees start at *30 to *50 per week, the 

Table I. Comparison of Five Levels of An* 
nual Earnings for All Professional Engineers 
Reporting in 1929,1932, and 1934 

(Figures derived from adjusted data as ex¬ 
plained on page 4 of bulletin, and without 
regard to employment status reported or 
type of education) 


Per cent at 
Specified 
Income 
Level 

Annual Earnings of More Than 
Specified Amount (Dollars) 

1929 

1932 

1934 

10. 

..7,466.... 

...5,605.... 

....5,138 

25. 

..5,012.... 

...3,827.... 

.. .3,429 

50. 

..3,412.... 

...2,574.... 

....2,286 

76. 

..2,509.... 

...1,698.... 

....1,473 

90. 

..1,878.... 

... 889.... 

.... 872 
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latter amount being reserved for men of 
special ability. These rates of pay appear 
just—the mechanic or skilled laborer 
being paid a premium over the common 
labor wage in recognition of his skill 
and the cost of its acquirement. The 
wage premium for neophite engineers is 
a recognition of the fact that time and 
money have been required for college 
training which will enable them to become 
engineers rapidly, rather than as recogni¬ 
tion of acquired proficiency as in the case 
of mechanics. The pay men just out of 
college receive, provided it keeps them 
from want, is relatively unimportant, as 
compared to opportunity for advance¬ 
ment in responsibility and salary. Salary 
advances for engineers of the United 
States and for lawyers of California, so 
far as the latter information is available, 
are compared in figure 1. The curves 
applying to engineers are taken from chart 
1, Bulletin JS-588. The data pertaining to 
the lawyers of California is from an 
unpublished '‘Digest of a Survey of the 
Economic and Professional Status of 
California Lawyers during the First Five 
Years of Practice, M prepared in 1937 by 
the committee for co-operation between 
the law schools and the state bar. 

The curves for the engineers sliow 
favorable advancement in salary with age 
and experience for the upper half of those 
in the profession, as also does the rather 
limited data for the lawyers. It is in¬ 
teresting to note the long rise in earning 
capacity extending unto a man's 60th 
year of age and 37th year of practice. 
Observation, without confirming data, 
creates the opinion that lawyers and 
physicians follow the same laws in this 
respect. No actual data have been made 
available for physicians, but an oral check 
with a number of them brought forth 
statements, all in agreement, to the effect 
that in the opinions of those interviewed, 
the curves for the engineers were, on the 
whole, indicative of the net salaries for 
physicians—the average for the physi¬ 
cians being perhaps a little better than 
the average for engineers; but less than 
ten per cent of the physicians have net 
incomes above the 10 per cent curve for 
engineers* 

Alt this information seems to indicate 
equity in the income of engineers as com¬ 
pared to skilled laborers, lawyers, and 
physicians. 

The professional men are indeed fortu¬ 
nate in having occupations which provide 
for increasing service to fellow men as 
years add to skill and experience, and also 
in having at the same time increasing 
incomes which grow apace with the family 
expenses and often continue to grow be- 



Figure 1. Earned annual income of engi¬ 
neers and lawyers according to age 

The curves for engineers represent the find¬ 
ings for ail the engineers of the United States. 
The curves for lawyers represent the findings 
for California lawyers admitted to the bar in 
1931 

yond the period required to get the 
children established in their own homes 
and occupations. 

Those of our profession who disagree 
with these findings, particularly as they 
apply to engineers, have two arguments 
against them—one the apparent greater 
expenditure of money by lawyers and 
physicians as compared to that of the 
engineers, which they have witnessed. It 
must be borne in mind that some of the 
expenditure made by physicians and 
lawyers is for office equipment and auto¬ 
mobiles that must be used in connection 
with the practice of these professions. 
Also it is worthy of note that the expendi¬ 
tures which attract attention are usually 
those made by the more. prosperous, 
rather than by the representative mem¬ 
bers of the profession. 

Moreover, comparisons which men 
make purely by observation, rather than 
on the basis of exact data, between the 
spheres of their own activity and those of 
others, generally result in optimistic 
interpretations . regarding the outside 
spheres, with a simultaneous pessimistic 
appraisal of their own. “The grass on 
the other side of the fence is always 


plete questionnaire. A complete report, 
would, of course, be impossible except by 
absolute governmental decree ordering a 
census of all engineers, but the data avail¬ 
able which came from the 52,589 engineers 
who properly filled out and returned the 
questionnaire should give a fair cross- 
section of the 167,268 engineers who 
received them. 

Assuming the data used to be repre¬ 
sentative, the analysis has narrowed to 
two questions: (1) Why is there such great 
spread in income for men in the same pro¬ 
fession who have gone through the same 
training courses, been subject to the same 
tests as to ability, and have survived the 
same processes of selection? (2). What are 
we going to do about it? 

Many educators and others have often 
asked these questions and made surveys 
of industry, hoping thereby to find the 
answer, but all have ended with only a 
variety of general but authoritative state¬ 
ments by those who employ engineers. 
Some of these statements are: 

Graduates of engineering colleges do not 
fail to reach expected goals because of 
lack of technical education but rather be¬ 
cause of deficiencies in those qualities 
described by such terms as: 

Personality 

Loyalty 

Patience 

Humility 

Breadth of interest 

Business ability 

Leadership 

Aptitude 

Promptness 

Accuracy 

Judgment 

Proper estimate of own value 
Executive ability 

with sometimes the comment that there 
is lack of education in basic science and 
mathematics. All of which takes us back 
to a part of the definition with which we 
started, “it supposes as its basis the 
knowledge and discipline which general 
culture affords.” 

Only the last of these objections; viz,, 
the lack of education in basic science and 
mathematics, will, at first thought, be 
charged to weakness in engineering-col¬ 
lege curricula and training—but there is 
a fourfold responsibility involved in the 
making of an engineer which must be as¬ 
sumed jointly by the young man, his 
family, the college, and industry. 


greener. 

The second objection has to do with the 
exactness of the data obtained from re¬ 
turned questionnaires as compared to that 
whidh would have been available, had 
every engineer in the land returned a com¬ 


America, the land of opportunity, pro¬ 
vides many avenues for rendering service 
and at the same timeimproving standards 
of living. Not the least of these are the 
engineering professions. Via . engineering 
and the education provided by the engi¬ 
neering colleges, many men have reached 


788 


Sorensen—Mconomic Status AIEE Transactions 




social positions and attained economic 
rewards far better than those of the 
families from which they came. In fact, 
there are so few exceptions to this order 
of things, even among the poorer paid 
engineers, as to make perfectly valid some 
such declaration as: *‘Engineering is a 
profession through which the sons of small 
merchants, farmers, and laborers, as well 
as those of professional men and the 
prosperous in industry find golden op¬ 
portunities to high living standards.” 

A large portion of the enrolled students 
in engineering colleges in part or entirely 
“work their way through.” The author 
has, for more than a quarter of a century, 
co-operated with these men to make work, 
college courses, family budgets, and loan 
funds blend to the best advantage of all 
concerned. This blending process is not 
always easy, nor, though a certain amount 
of labor experience is desirable, is it ad¬ 
vantageous for a student to be compelled 
to allot a very large part of his college 
time to earning money. In one college 
where the tuition is $300 per year and 
there are relatively few scholarships, Ye 
of the undergraduate student body and 
Yio of the graduate students are using 
NYA assistance. Nearly all the families 
to which these young men belong have 
incomes $1,200.00 per year or less. Ac¬ 
cording to the catalogue of the college in 
question, the minimum estimated cost 
per student for board and room, books, 
tuition, etc., but with no allowance for 
entertainment and clothing, is: 

Students taking 21 meals in student houses 
per week—$840 per year 
Students taking 15 meals (going home week¬ 
ends)—'$740 per year 
; Nonresident students—$390 per year 

The cost per student in many free-tuition 
colleges, when all factors are considered 
is practically the same. If a $1,200.00- 
per-year-income family (and there are 
those with less) must, with the aid of the 
student apportion an amount equal to 
Vs the family income for the bare essen¬ 
tials of being in college, it is obvious there 
is little money available for travel, hotel 
life, theater, dances, and other social 
functions, or even for church activities— 
all of which have great bearing upon the 
phases of life which employers have de¬ 
clared are deficient in engineers to an ex¬ 
tent which impairs engineering careers. 

These deficiencies fortunately can all 
be remedied by any normal young man 
with capacity to complete an engineering 
course, if he is made aware of them, and 
wiU make an honest effort to know himself 
and apply the needed corrections. Keep¬ 
ing well is always simpler and better than 
^ ^ illness, but continuing in illness is 
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infinitely worse and sometimes inexcus¬ 
able. 

Being bom and nurtured in an atmos¬ 
phere of culture where all the graces of 
life are daily habits which can be acquired 
with little conscious effort has its advan¬ 
tages. When this experience has been 
denied the engineering students, colleges 
should provide clinics for correcting the 
deficiencies. Some of the more progres¬ 
sive engineering colleges have made prog¬ 
ress in the right direction by having in 
their curricula a goodly proportion of cul¬ 
tural courses with the consequent neces¬ 
sity for postponement of the more 
special technical courses to graduate 
years. Industry also should not limit all 
its training courses for young engineers to 
the technique of the business, but should 
provide opportunity for them to learn of 
and correct faults which impair the rend¬ 
ering of the highest possible type of 
engineering service. College and industry 
together must show interest in our educa¬ 
tional program from kindergarten on and 
co-operate with our engineering societies 
and the Engineers Council for Professional 
Development in extending their program 
for educating the public as to the require¬ 
ments for being an engineer. 

Industry should see to it that all who 
qualify as engineers be paid all the work 
done will warrant and should not desig¬ 
nate as engineering, work which is not 
engineering, but is only high-class clerical 
calculating, draughting, or skilled machine 
operation. 

Engineers should make themselves 
thoroughly conversant and be sym¬ 
pathetic with all the problems of labor, 
skilled and unskilled, preferably through 
having had actual experience as workers 
in both classifications. They should not 
make entangling commitments to either 
capital or labor which may interfere with 
their great opportunities to correlate 
these two great industrial factors into 
teams that, working together at the 
business of applying engineering methods, 
cannot be defeated. 

Fortunate indeed are the youths who 
find their talents and choices leading them 
into engineering; they can have a lot of 
fun following one of the many paths 
leading to enjoyable service for their 
fellow men, and at the same time provid¬ 
ing so well a means of livelihood for 
themselves and their families. 


Discussion 

L. A. Doggett (Pennsylvania State College, 
State College): In commenting on Pro¬ 
fessor Sorensen’s paper, I would like to 
point out that the economic status of the 
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engineer is different from that of either the 
doctor or the lawyer. The engineer’s 
economic status is that of the hired man. 

By that I mean that his economic status 
is seldom that of a member of a board of 
directors (a sampling of 209 directors, 19 
electrical companies, in Moody’s 1933 
Utilities shows 17 AIEE members). The 
engineer in the last analysis takes his orders 
from those who are not engineers. Why is 
this? Primarily I believe it is due to a 
MYTH that has been fostered for the last 
25 years, a myth which has as one of its 
tenets that the engineer must stick strictly 
to his volts and amperes. For example, it 
is perfectly orthodox for the engineer to 
study and investigate switches, bushings, 
power factor, line interruptions, etc. It is 
entirely orthodox to study line interruptions 
due to lightning, but when a certain switch 
was opened on the Connecticut state line 
the day after the holding company bill was 
signed, if thereupon we study the reasons 
for this line interruption, if we study this 
holding company bill, if we study the 70 odd 
volumes of the report of the Federal Trade 
Commission on utility corporations; then 
we are no longer orthodox, wc are heretics; 
for does not the code of the AIEE technical 
program committee, 1934 edition, say 
"rate making, project financing, . . . . ., 
utility regulation” are “subjects not suitable 
for Institute presentation.” Since reading 
that statement these subjects have taken on 
for me the glamour of the forbidden. I 
have taken a peculiar pleasure in studying 
these subjects which are supposed to be 
taboo for engineers. With the same wicked 
pleasure that a boy might take in slipping 
out of church, I “snuk” out of the Tuesday 
morning AIEE meeting and went down to 
18th and Pennsylvania avenues to listen in 
on two Securities and Exchange Commis¬ 
sion hearings. In each hearing some sort 
of an exploratory operation was being per¬ 
formed on a holding company. There I 
could hear all sorts of “verboten” words, 
such as voting trust agreement, under¬ 
writers commissions, voting stock, etc,, etc. 

In conclusion I want to recommend a 
wider freedom for AIEE members, a free¬ 
dom which would allow them, when study¬ 
ing any electrical problem, to follow up the 
investigation regardless of where it leads 
them, whether into the field of law, history, 
economics, medicine, politics, or archae¬ 
ology, a freedom to make their investiga¬ 
tions and publish their results in Electrical 
Engineering. For example, if an en¬ 
gineer starts out to study filters and net¬ 
works, goes thence into telephone traffic 
problems, thence into commercial phases of 
the telephone art, and finally into a study 
of the recent Government investigation of 
the telephone industry; if he finds this 
investigation unfair in its procedures and in 
its conclusions, he ought to have the same 
right to publish these findings as to publish 
something about filters. And these latter 
findings deal with a subject which has a 
very powerful effect on the economic status 
of the electrical engineer. I would, how¬ 
ever, qualify this freedom by specifying 
that the main title of any AIEE article 
should be of an electrical engineering nature 
and that the nonengineering matter might 
appear as paragraphs subsidiary to the 
main titie. 

When the electrical engineer regains his 
freedom of speech, then will his economic 
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status far transcend his present status which 
as Professor Sorensen points out isn't so bad. 

E. E. George (Tennessee Electric Power 
Company, Chattanooga): The paper by 
Professor Sorensen is of unusual interest to 
the engineering profession at the present 
time. There have been very few papers 
on this subject presented to the AIEE. 
Professor Sorensen’s statements appeal to 
the reader on account of the broad view¬ 
point taken and the supporting facts pre¬ 
sented. It is interesting and encouraging 
to note that the engineer both in normal 
times and during depression fares as well 
as other professional men. 

Few people would contest Professor 
Sorensen’s comment that the career of 
many engineers would be smoother if they 
were more experienced in co-operation and 
were better equipped with the social 
graces. Nevertheless, it would be ex¬ 
tremely discouraging to see more emphasis 
placed on co-operation and culture unl ess 
, these are subordinated to learning “the 
value of a dollar.” Notwithstanding the 
current political tendency to consider hard 
work and meager income as an unfair 
handicap and a social injustice, it is more 
and more becoming apparent that prac¬ 
tically every great contribution to civiliza¬ 
tion has come from those who were required 
early in life to work hard through necessity 
or who had the responsibility of providing 
jobs for others (without impairment of 
capital) before they reached middle age. 
Most of the greatest technical improve¬ 
ments have been made by those who took 
up engineering in order to make a living and 
not as a hobby or to keep out of idleness. 
It is believed that the majority of engineers 
feel that the most important qualification 
an engineer can have is the breadth of 
economic judgment and the innate sense of 
fairness which is quickly acquired by those 
who have to earn their own living or to have 
to meet a payroll from which others earn a 
living. 

It is becoming more and more apparent 
that if engineers are to improve their 
economic status both business and govern¬ 
ment must be controlled and operated by 
men who “know the value of a dollar.” 

It is misplaced emphasis for the technical 
school or AIEE to encourage the young 
engineer to develop a better induction 
motor if there is no market for that motor 
when it is built and if inferior motors built 
several years before and with their cost 
already amortized are idle because of 
governmental interference with economics. 

It is likewise futile to expect engineers to 
make technical advances if the majority of 


them have to be more concerned with con¬ 
tinuity of employment than with any other 
problem. The AIEE cannot maintain its 
high position as a leading professional body 
if it continues to take no important position 
toward fact finding in the public ownership 
controversy and in similar industrial prob¬ 
lems which are now occupying the minds of 
a large percentage of its members. To say 
that public enlightenment on the technical 
and economic phases of these problems must 
come from the action of engineers as in¬ 
dividuals is to deny the value of co-operation 
and organization . Without imposing on the 
rights of any minority or being unfair to 
Institute members who are public employees 
the Institute ought to be able to find a 
middle-of-the-road course with committees 
of highly respected engineers assigned to a 
program of fact finding which would help 
the majority of its members immediately 
and ultimately further the program of 
technical development to the final benefit 
of all its members. 

In view of the conservative attitude 
taken by the AIEE in dealing with this and 
with related problems, it is suggested that 
readers should note the widely different 
attitude prevailing in the American Society 
of Civil Engineers, as reported in the 
Bulletin of the American Engineering Coun¬ 
cil for June 1938. 


R. W. Sorensen: The remarks made by 
Professor L. A. Doggett and by E. E. 
George are very expressive of the opinion 
of many Institute members and are, indeed, 
valuable additions to the paper. I think, 
however, that Professor Doggett has missed 
a point regarding the distinction between 
the business which uses the products of 
engineering and the economic phases of 
that business which have to do with the 
work of an engineer. I do not interpret 
any AIEE code to mean that the Institute 
publications are closed to a discussion of 
scientific principles of rate making, utility 
regulation, or perhaps even project financ¬ 
ing, if those discussions adhere to Professor 
Doggett's own limitation that any AIEE 
article should be of an electrical engineering 
nature. 

Professor Doggett seems to think there is 
something wrong because the 209 directors 
of 19 companies in Moody’s 1934 Utilities 
include only 17 AIEE members. This 
statement in itself does not indicate, per se, 
there is something wrong without further 
analysis which would include the propor¬ 
tion of AIEE members to non-AIEE 
members who are interested in the utility 
business as stockholders and who have, 
therefore, the right to determine how the 
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business shall be conducted. In fact I 
would like to cite from memory some ap¬ 
proximate figures published in Forbes 
Magazine in response to an urgent request 
for an analysis of leaders in industry ac¬ 
cording to professions. After a careful 
canvass of all factors involved, Forbes 
published the following figures: About 21 
out of 59 leading men of the world, in this 
respect, were trained as business men, 
about 17 arose to their positions through 
the legal profession, about 12 through the 
engineering profession and the balance, 5, 
3, and 1, respectively, through training in 
other professions which were listed, but the 
names of which I cannot recall. Con¬ 
sidering the relative newness of the engineer¬ 
ing profession to the field of business and 
the legal profession, I am inclined to think 
the proper number of engineers have 
achieved places among this limited group of 
the world’s outstanding men selected by 
the Forbes Magazine. Furthermore I 
have personally never discovered any evi¬ 
dence of lack of freedom of speech for en¬ 
gineers. Is it any more reasonable to use 
the time of engineering meetings and the 
pages of engineering publications for the 
preaching and publication of sermons and 
political speeches than it is to use the pulpit 
for the presentation of technical papers? 
On the other hand I am sure any engineer 
who wished to preach a sermon in keeping 
with the purpose of a house of worship, 
would not be forbidden freedom of speech. 

I think, as an engineer, I would disagree 
with Mr. George and say it is the business 
of technical schools or the AIEE to en¬ 
courage the young engineer to develop a 
better induction motor even if induction 
motors were never used; but, of course, I 
must acknowledge quite readily that much 
of the enthusiasm for such work or the op¬ 
portunity for such work will be lost if such 
development cannot receive recognition in 
the way of fi n d in g purchasers for the im¬ 
proved induction motors. 

Again Mr. George said “Without im¬ 
posing on the rights of any minority or 
being unfair to Institute members who are 
public employees, the Institute ought to be 
able to find the middle-of-the-road course 
with committees of highly respected en¬ 
gineers assigned to a program of fact finding 
which would help the majority of its mem¬ 
bers immediately, and ultimately further 
the progress of technical development to 
the final benefit of all its members.” I, 
speaking as an individual, am of the opinion 
that whenever engineers on opposite sides 
of controversial subjects can agree as to 
what are the facts, the technical papers 
committee will not stand in the way of the 
publication of such facts. 
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Selection and Design of the Electrification 
of the San Francisco-Oakland Bay 
Bridge Railway 


By WENDELL P. MONROE 

MEMBER AIEE 


T HE San Francisco-Oakland Bay 
Bridge was built by the State of 
California not only for heavy automobile 
traffic but also to benefit the 30,000,000 
suburban railway passengers per year 
who are now transported across San Fran¬ 
cisco Bay by passenger ferry boats be¬ 
longing to the railway companies. The 
railway passengers, who are practically 
all commuters living in the east-bay 
cities and working in San Francisco, 
board the electric trains on branch lines 
near their homes and are taken to the 
piers by rail. They then transfer to the 
ferry boats which require about 20 
minutes to cross the bay to the ferry 
building in San Francisco where the 
passengers disembark and walk or take 
street cars to their places of business. 
When the Bridge Railway is completed, 
passengers will board the electric trains 
near their homes in the east-bay cities 
and will be transported by rail, without 
transfer, to the new railway terminal in 
San Francisco near the business district 
of the city. 

Two principal competing suburban 
electric railways will operate the state- 
owned Bridge Railway: the Key System 
and the Interurban Electric Railway 
(formerly the Southern Pacific Company 
electric lines). The suburban traffic is 
about equally divided between these two 
railways. A third company, the Sacra¬ 
mento Northern, an interurban line, 
will also operate over the Bridge Railway 
about 18 trains per day between Sacra¬ 
mento and San Francisco. 

Figure 1 shows the general layout of the 
Bridge Railway, including profile, and 
figure 2 a typical cross section of the 
San Francisco-Oakland Bay Bridge show¬ 
ing the location of the two tracks on the 
lower deck of the bridge. 

Selection of System 

The Key System and Interurban 
Electric Railway, both standard-gauge 
railroads, now operate at 600 volts 
direct current and 1,200 volts direct 
current, respectively. The Sacramento 
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Northern, also standard gauge, can 
operate at either 600 or 1,200 volts direct 
current. It was necessary to select an 
electrical distribution system for the 
Bridge Railway which would be satis¬ 
factory for all three railways using the 
same tracks. The following four systems 
were thoroughly investigated: 

(A) The 600-volt system, using overhead 
catenary and requiring conversion of the 
Interurban Electric Railway cars to operate 
on 600 volts on the Bridge Railway and 
1,200 volts on their own lines. 

(B) The 1,200-volt system, using overhead 
catenary and. requiring conversion of the 
Key System cars to operate on 1,200-volts 
on the Bridge Railway and 600 volts on 
their own lines. 

(C) The dual-voltage system, using 1,200- 
volt overhead, catenary for the Interurban 
Electric Railway and Sacramento Northern 
trains and 600-volt contact rail for the Key 
System trains. 

(D) The “three wire” system, using over¬ 
head catenary and contact rail with 1.200 
volts between them and 600 volts between 
catenary and running rails, the Key System 
and Sacramento Northern trains operating 
from the overhead catenary and the Inter¬ 
urban Electric Railway operating from both 
contact rail and catenary simultaneously. 

In studying these systems for the 
Bridge Railway, the following premises 
were set up and adhered to: 

(а) Keeping the first cost to a minimum is 
of prime importance because the state, in 
financing the Bridge Railway, must borrow 
the money from the Reconstruction Finance 
Corporation and justify the loan by showing 
that it can be repaid in a reasonable time 
from tolls tentatively set at 2 X A cents per 
railway passenger. 

(б) For reasons of safety the 80 wooden 
cars comprising a portion of the Key System 
rolling stock must be replaced by steel cars 
at the state's expense, but using the old 

electrical equipment if practical. 

(c) The substations required for the 
Bridge Railway can be financed by the 
Pacific Gas & Electric Company which will 
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supply the power at their published rate for 
alternating current for traction purposes. 

(d) Additional cars necessitated by the 
longer train trips will be furnished by the 
state. 

(e) The state will retain title to the Bridge 
Railway and any equipment furnished by 
it, but will permit the railroads to operate 
them as a public convenience under certain 
conditions involving fares, maintenance, etc. 

(/) Future consolidation of the two com¬ 
peting railroads is not contemplated and is 
not to be considered near in the investiga¬ 
tion. 

The studies resulted in the recom¬ 
mendation that the dual-voltage system 
with 1,200-volt catenary and 600-volt 
contact rail be adopted for the Bridge 
Railway. The reasons for this recom¬ 
mendation were as follows: 

1. The dual-voltage system would require 
the lowest total initial investment by all 
concerned, especially by the state. Table I 
gives the preliminary estimate of costs of 
the three principal systems considered; the 
“three wire” system being discarded in the 
early stages of the investigation because of 
its complexity and difficulty of balancing 
the system. 

2. An estimate of the annual costs of the 
three principal systems considered, as shown 
in table II, gave indication that the dual¬ 
voltage system would be as economical as 
any system considered. In common with 
the 1,200-volt system, it would have the 
advantage of permitting the Interurban 
Electric Railway to supply 1,200-volt energy 
to the Bridge Railway from the excess 
capacity of its steam generating station and 
its substations, this excess capacity being 
released by abandonment of its Oakland 
Pier service when the Bridge Railway is put 
into operation. The utilization of this 
available capacity would save approxi¬ 
mately $18,000 per year in power bill as 
shown in table II. 

3. The dual-voltage system would not 
require extensive and costly car equipment 
changes, such as conversion of the electrical 
equipment of one railroad to operate on the 
voltage of the other. It avoids the expendi¬ 
ture of a large amount of money on con¬ 
version of car electrical equipment already 
approaching obsolescence, 

4. The operation and maintenance prob¬ 
lems of the competing railroads operating 
on the same tracks is simplified by the dual¬ 
voltage system because the Key System 
would operate and maintain the 600-volt 
contact rail, feeders, and substation appa¬ 
ratus, and the Interurban Electric Railway 
would operate and maintain the 1,200-volt 
catenary, feeders, and substation apparatus, 
each without mixed responsibility. 

5. The dual-voltage system would not 
involve contact rails in the car storage 
yards, since each railroad will have its own 
yard and 600-volt catenary can be used in 
the Key System yard in lieu of contact rail. 

6. The dual-voltage system would enable 
the two competing suburban railroads to 
negotiate their power contracts separately 
with the power company, greatly expediting 
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Table 1. Preliminary Estimate of First Costs of Bridge Railway Facilities for Three Electrification 

Systems 


600-Volt 

System 


1,200-Volt 

System 


Dual-Voltage 

System 


S 3,600,000....$ 3,600,000 


I. Fixed property 

(a) Previously estimated amounts: 

Real estate.$ 3,600,000 

Grading, trackwork, off-line changes, separation 
structures, inspection buildings, contingencies, 

etc. 2,280,000 

San Francisco approach viaduct. 1,100,000 . 

San Francisco terminal.. 1,700,000 

Signals and interlocking. 1,200,000 

Engineering.... 

Subtotal of previous estimates. 10,180,000 

(ft) Power distribution system: 

Catenary system. 

Track rail bonding... 

Feeders. 

Connections to substations.. 

Sectionalizing equipment... 

Contact-rail installation........ 

Yard lighting. 

Contingencies, ten per cent.. 

Subtotal of distribution system. 

( c ) Interest during construction, fixed property. 367,929 

n. Car equipment 

Key System, financed by state... 

Key System, financed by Key System. 882,041. 

Interurban Electric Railway, financed by state.... 

Sacramento Northern Railway, financed by state.. 

Subtotal of car equipment.. 5,331,116. 

Interest during construction of car equipment, 

financed by state... 

Interest during construction of car equipment, 
financed by Key System... 

XU. Substations, financed by Pacific Gas and Electric 

Company.. 1,014,200 

Total cost to state. 

Grand total cost... 17^576,025. 


. 2,280,000.. 

. 1,100,000 .. 

. 1,700,000.. 

. 1,200,000.. 
300,000.. 

. 2,280,000.. 

. 1,100,000.. 

. 1,700,000.. 

. 1,200,000.. 
300,000.. 

.. 2,280,000 
. 1,100,000 
. 1,700,000 

. 1,200,000 
300,000 

. 10,180,000.. 

. 10,180,000.. 

.. 10,180,000 

280,461.. 

34.649.. 

96.425.. 

16.340.. 

19.965.. 

280,461.. 

34.649.. 
5,760.. 

11.820.. 
24,960.. 

280,461 
34,649 
19,205 
23,640 
41,596 
204 339 

5,700.. 
45,360.. 

5,700.. 

36,335.. 

! 5^700 

60,959 

498,950... 

399,685.. 

670,549 

367,929... 

364,817... 

374,157 

2,470,000... 

882,041... 
1,924,674... 
54,400... 

. 3,321,894... 

. 1,075.642... 

. 1,330,000... 

54,400... 

. 2,470,000 

,. 1,075,642 

. 1,330,000 

54,400 

5,331,115... 

. 5,781,936... 

. 4,930,042 

153,416... 

162,286... 

132,910 

30,415..., 

37,091.. . 

37,091 

1,014,200... 

789,500... 

. 1,186,000 

15,649,369... 
17,576,025... 

. 15,813,082... 
. 17,715,315... 

. 15,212,016 
. 17,510.749 


the whole project. The total cost of power 
would not be materially affected, as the 
30-minute peak demands of the two rail¬ 
roads will be practically coincident (see 
figures 3 and 4). 

7. The dual-voltage system would make 
possible the operation of the traction motors 
of the Key System and the Interurban 
Electric Railway at separate voltages, each 
suitable to give equal speeds to the trains of 
both companies, thus speeding up schedules. 
The advantage of each railroad operating on 
the voltage best suited for it also avoids 
certain difficulties such as in the lighting of 
the cars. The Key System requires a lower 
voltage on the lighting circuits than would 
be suitable for the desired speeds on the 
Interurban Electric Railway if both were to 
operate on 600 volts. Moreover, flickering 
of lights on Interurban Electric Railway 
cars would occur if they were connected 
directly to a 600-volt catenary, but would 
be avoided by retaining the 1,200 volts to 
operate these trains. 

8. The recommended system has the ad¬ 
vantage that the railroads would require a 
much shorter time for preparing their 
equipment for bridge operation, since much 
less equipment changes would be necessary. 
The construction of the contact rail on the 
bridge could be accomplished in a shorter 
time than the changes in equipment if 
either 600 or 1,200 volts were used exclu¬ 
sively. 
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9. The dual-voltage system offers two 
types of distribution systems to possible 
future railways which might use the Bay 
Bridge. The lower voltage, 600 volts, is 
more suitable to possible light-weight 
streamline trains, hauled as far as the bridge 


by Diesel motive power, provided such 
trains were equipped with traction motors 
throughout their length. Also 600 volts is 
probably more suitable for city subway 
trains, which might later use the bridge. 
The higher voltage, 1,200 volts, is more 
suitable for multiple-unit trains of electri¬ 
fied railroads serving distant suburbs, if 
these lines are built. 

10. The adoption of the dual-voltage 
system would not seriously affect any possi¬ 
ble consolidation of the railroads. 

No changes are necessary to Sacra¬ 
mento Northern Railway car equipment 
for any of the four systems studied, aside 
from the installation of cab signals and 
other equipment required in any case. 
In the dual-voltage system the Sacra¬ 
mento Northern trains will operate from 
the catenary on the joint-operated tracks 
of the Bridge Railway and bn the Key 
System tracks. 

Design of 

Dual Voltage Electrification 

The dual-voltage system having been 
adopted for the Bridge Railway, the 
electrical distribution system was de¬ 
signed in detail and is now under con¬ 
struction. Approximately 31 miles of 
track are being built and electrified, 
including 19 miles of main-line track 
(14 miles of which sure jointly used by the 
Key System and Interurban) and 12 
miles of yard track. The main line is 
double-track with a six-track loop ter¬ 
minal in San Francisco. The general 
location is shown by figure 1. 

The distribution system was designed 
with sufficient conductivity to limit the 
total average voltage drop over the maxi¬ 
mum one-minute peak to 75 volts for the 


Table II. 


Approximate Estimate of Comparative Annual Costs of Bridge Railway as Affected 
by tbe System of Electrification 


600-Volt 

System 

L Fixed charges on investment (not including substations): 

Interest, 5 per cent, and insurance, 0.25 per cent. 869,496. 

Amortization of car equipment... 145,006. 

Amortization of sectionalizing equipment...!. 543. 

n. Cost of power for Bridge Railway: 

A-c power demand charge.... 202,000. 

A-c energy charge......... 0. 

D-c energy from Interurban Electric Railway substation.. . 

Substation fixed charges.....'. 116,633. 

Substation operation and maintenance.... 46,000. 

HI. Maintenance of car equipment (motors and control, only): 

Key System and Interurban cars, on and off Bridge 
Railway. ......... 458,000. 

IV. Maintenance of distribution system: 

Catenary... 8,000., 

Contact rail.... 

Feeders and connections....,.. 950., 

Sectionalizing equipment... 1,080. 

V. Cost per year of hauling extra weight of apparatus 
necessary for particular electrification system (on all 

lines).*.........,..;. 4,920. 

Total (items affected, only)..... ..,............... 1,852,628.. 


1,200-Volt 

System 


Dual-Voltage 

System 


.$ 888,605, 
. 157,269. 

679. 


181,000. 

0 . 

3,000. 
90,793. 
36,000. 


461,500. 


8 , 000 . 

160 

1,350. 


4,180, 

1,832,533.. 


.$ 857,049 
134,097 
1,131 


181,000 

0 

3,000 

136,390 

46,000 


455,500 


8,000 

3,200 

660 

2,160 


2,550 


. 1,830,737 
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600-volt system and200 voltsfor the 1,200- 
volt system, the substation bus voltages 
being assumed to be 625 and 1,300, 
respectively. 

The main features of the design will be 
briefly described: 

Substations 

The 1,200-volt* catenaries will be 
energized from two substations, the San 
Francisco substation and the Mole sub¬ 
station, approximately 24,000 feet apart. 

The 600-volt* contact rails will be 
energized from three substations, the 
San Francisco, Island, and Mole sub¬ 
stations, the first and last being in the 
same buildings with the 1,200-volt sub¬ 
stations of the same names. The Island 
substation, exclusively for the 600-volt 
contact rails, will be located on Yerba 
Buena Island approximately half way 
between San Francisco and Mole sub¬ 
stations. The substations are being de¬ 
signed and built by the Pacific Gas & 

Electric Company, but will be owned 
and operated by the railroad companies. 

These three substations (two of which 
house both 1,200- and 600-volt conver¬ 
sion equipments) have the following 
capacities, including spares: 

v 

San Francisco substation— 

two 2,500-kw 1,300-volt mercury arc 
rectifiers 

two 2,000-kw 625-volt mercury arc 

rectifiers 

Island substation— 

two 2,000-kw 625-volt mercury arc 

rectifiers 

Mole substation— 

two 2,500-kw 1,300-volt mercury arc 

rectifiers 

two 1,000-kw 625-volt mercury arc 

rectifiers 

one existing 1,000-kw 625-volt motor- 
generator 

The substations’ locations and their 
connections to the Bridge Railway are 
shown in figure 5. Their capacities 
were determined from estimated load 
curves in the usual manner, allowing one 
machine per substation as spares. 

Sectionalizing 

The catenaries and contact rails will 
be sectionaHzed in accordance with 
figure 5. In order to utilize as fully as 
practical the conductivity of the cate¬ 
naries and contact rails on both tracks and 
at the same time secure protection from 
short circuits and isolate the faults, tie 
stations will be installed between sub¬ 
stations as shown. The tie stations will 
be located at points where emergency 
crossovers in the tracks occur. In 

* Most of the descriptive voltages given in this 
paper are nominal. 
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the 1,200-volt catenaries, the substa- Figure 2 

tions will be completely sectionalized, 
that is, a short circuit on a section of 

catenary between a substation and a tie contact rails are only one-half as far 
station will cause the circuit breakers apart as the 1,200-volt substations, and, 
feeding the section to open, thus isolating although tie stations at midpoints are 
the section affected. A sectionalizing necessary to obtain sufficient conductiv- 
tie station requires four circuit breakers ity, the sections are so short that the tie 
for a double-track railroad such as this. stations were not designed to be com- 
The substations feeding the 600-volt pletely sectionalizing on the bridge, but 






will consist of only one circuit breaker 
each. The yard tie station, however, 
will be completely sectionalizing be¬ 
cause it forms the connection between the 
Bridge Railway and the present Key 
System tracks. The 600-volt substa¬ 
tions are completely sectionalizing, form¬ 
ing the same length of track sections as is 
obtained with the 1,200-volt catenaries 
on the bridge. 

The 600-volt tie stations on the bridge, 
namely W -4 and E-7 tie stations, will 
each consist of one moderate-speed cir¬ 
cuit breaker connected between the two 
contact rails as shown in figure 5 and so 
as to include four short-circuit-detecting 
devices, one in each contact-rail section. 
The short-circuit-detecting devices will 
be so designed that a short circuit on a 
contact rail will cause the tie station 
breaker to open. Four devices are 
necessary for each tie station in order to 
obtain a high overload setting of the tie 
breaker so that it will not open on heavy 
useful currents. The substation break¬ 
ers will also be equipped with short- 
circuit detectors so adjusted that a short 
circuit on a contact rail will open only 
the circuit breakers feeding the section, 
without affecting the other track. As 
an additional precaution to insure proper 
clearance of faults, pilot wires will be 
installed from WA and E-7 tie stations 
to the three substations, interlocking 
the 600-volt circuit breakers so that if 
one opens on short circuit, the others 
feeding the same section will also open. 

The 1,200-volt Island tie station and 


the 1,200-volt feeders in the substations 
will be equipped with high-speed circuit 
breakers of the bucking-bar inductive- 
shunt holding-coil type. These breakers 
will open on short circuits due to their 
inherent short-circuit detecting charac¬ 
teristics. 

All of the circuit breakers will open on 
heavy overloads, also. 

As shown by figure 5, many sections 
of catenary and contact rail will be 
sectionalized further by manual discon¬ 
nect switches in order to make use of 
emergency crossovers, and for reasons of 
safety, maintenance, etc. These switches 
will be mostly hook-stick-operated out¬ 
door knife switches where no current 
will be broken. The switches in the car 
inspection buildings will be operated by 
•a link and handle arrangement and will 
be double-throw to provide for ground¬ 
ing of the catenaries in the buildings, an 
automatic alarm being sounded when the 
switches are not in the grounded position. 
The switches which will sectionalize the 
storage tracks in the yard will be of the 
manually operated horn-gap type and 
will be designed to have a current inter¬ 
ruption capacity of 150 per cent current- 
carrying capacity. 

The contactors shown at the substa¬ 
tions are for the purpose of feeding short 
sections of contact rail in the main-line 
tracks adjacent to the substations and 
for opening and de-energizing these 
short sections when adjacent long sec¬ 
tions of contact rail become grounded or 
de-energized, thus preventing passage of 


short-circuit current through the con¬ 
tact-rail shoe bus cable on a Key System 
train, should the train run into the 
grounded section. 

Catenary 

The catenary for the Bridge Railway 
will be of the chord type. Most of the 
main-line catenary will consist of one or 
two main messengers of 500,000-circu- 
lar-mil hard-drawn stranded copper ca¬ 
ble, an intermediate messenger of 4/0 
hard-drawn stranded copper cable, and 
two solid grooved contact wires of high- 
conductivity bronze. The yard catenary 
will consist of a high-strength stranded 
bronze messenger cable and one hard- 
drawn copper grooved contact wire. 

One feature of the catenary that may 
be of special interest is the use of floating 
“bridle” beams for pull-offs on sharp 
curves on viaducts where there is not 
sufficient room for frequent pull-off poles 
or “back bone” construction. These 
“bridle” beams are steel compression 
members suspended across the tracks by 
high-strength bronze cables from the ad¬ 
jacent catenary bridges. The pull-offs 
for the multiple-track catenaries are se¬ 
cured to these floating beams. 

Two-unit suspension insulators with 
a wet flashover rating of 70 kv per string 
are used for ordinary catenary insulation. 
Dead-end insulators are somewhat larger. 
The salt air and fog conditions of the 
San Francisco Bay area prompted the 
selection of the insulators. 

The section insulators in the catenaries 




Figure 3. Sen Francisco-Oakland Bay Bridge Railway, evening peak 
1 /200-volt substation load curves 
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Part 1. San Francisco substation 


Southern Pacific loads and Sacramento Northern loads, 1938 plus 25 
per cent traffic 


Monroe—Railway Electrification AIEE Transactions 



10 , 000 , 


9000 


8000 


6000 


z 

£ 5000 
oc 

3 

u 

Z 4000 

1 

CO 3000 
3 


2000 


1000 


_ 


i a 




j. 


I 



4:00 4:10 4:20 4*30 4:40 430 5:00 5:10 5:20 5:30 5:40 5:50 6:00 

IMINUTE TIME INTERVALS 


U^-MINUTE TIME INTERVALS 
Part 2. Island substation 



Part 1. San Francisco substation 

will be of the wood stick type through¬ 
out. Air-gap construction was not con¬ 
sidered to be necessary for the 35-mile- 
per-hour train speeds. 

Contact Rails and Shoes 

The contact-rail system will be of the 
over-running type with top and side 
protection boards and will be located on 
porcelain insulators at the side of the 
tracks on long ties. The contact rails 
will be rolled iron of conductivity ratio 
to copper: 1/6.85, and will be of standard 
cross section, weighing 150 pounds per 
yard in heavy-duty territory and 55 
pounds per yard in light-duty areas. 

At one location on a 3 per cent grade, 
the 150-pound contact rail will be rein¬ 
forced with a 1 , 000 , 000 -circular-mtl bare 
copper feeder cable attached to the rail. 

The Key System cars will be equipped 
with shoe collectors of the folding type. 
Wayside ramps will be provided to fold 
these shoes when the Key trains leave 
the Bridge Railway for the streets of 
Oakland and Berkeley, and to unfold 
them when the trains enter the Bridge 
Railway. The pantographs on the Key 
cars will be raised and lowered auto¬ 
matically when leaving and entering the 
Bridge Railway, respectively, by means of 
control circuits interlocked with the 
contact-rail shoes and a wayside tripping 
arm engaging a pneumatic valve on the 
top of the car. 

Return Circuit and Bonding 
The current returning to the substa¬ 
tions will be conducted by the 90- 
pound running rails and 90 -pound guard 
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Figure 4. San Fran- 
cisco-Oakland Bay 
Bridge Railway, 
evening peak 600- 
volt substation load 
curve 

Key system loads 

rails of the tracks. Two guard rails per 
track will be available for conductivity 
in addition to the running rails at all 
locations on the main bridge and viaducts. 
On account of the a-c signal circuits in 
the tracks, impedance bonds will be in¬ 
stalled at the insulating joints in the 
running rails. The guard rails will be 
connected to the impedance bond neu¬ 
trals at the cross-bond locations which 
occur at approximately 2,500-fpot in¬ 
tervals. 

The bonding of rail joints on the 
Bridge Railway is very important be¬ 
cause of the absence of ballast on the 
bridge and the necessity of preventing 
stray currents from leaking to the bridge 
steel and causing electrolysis. The stand¬ 
ard joint bonds will be two 250,000-circu¬ 
lar-mil 13y 2 -mch copper cable bonds 
per joint, with terminals welded to the 
rails by an oxyacetylene flame. 
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Special trackwork bonds will be two 
350,000-circular-mil copper cables per 
joint, also gas welded to the rails. The 
proper location of long bonds at track 
switches is of special importance because 
of the inductive type of signal system 
used. 

Contact-rail jumpers will be multiple 
500,000-drcular-mil flexible stranded cop¬ 
per cables insulated with 30 per cent 
rubber and provided with a 60 per cent 
rubber protecting sheath. These jumpers 
will be cut at the factory and have 
standard gas-weld bond terminals for 
welding to the contact rails. 

Feeder terminals at contact rails will 
be copper cones welded to the contact 
rails and provided with cable sockets to 
which the cables will be both clamped and 
soldered. 

The joints in the 150-pound contact 
rails will be arc welded at the top and 
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flanges and also bonded to full conduc¬ 
tivity with hard-drawn copper splice 
bars bolted and soldered in place. The 
55-pound contact rails will be bonded 
with two 11-inch 4/0 stranded copper 
gas-weld bonds per joint. 

Expansion Joints 

The extraordinary length of the bridge 
and the flexibility inherent in suspension 
bridges entailed special problems in 
expansion joints, movements amounting 
to four feet per joint in some cases. 
The catenaries will be dead ended at 
these joints, a sliding copper bar being 
used to guide the pantographs across, 
the current being carried across through 
flexible overhead jumpers. The con¬ 
tact rails and guard rails will simply have 
gaps at these expansion joints, the cur¬ 
rent in them being conducted across 
through flexible insulated cable loops 
suspended beneath the bridge. The 
running rails will, of course, be con¬ 
tinuous across the bridge expansion 
joints, the movement being taken care 
of by a series of sliding joints in the rails, 
the proportioning of the total bridge 
movement among them being governed 
by a link arrangement. These running- 
rail expansion joints will be bonded with 
insulated cable loops provided with gas- 
weld terminals. 


Discussion 

G. R. McDonald (General Electric Com¬ 
pany, Erie, Pa.): We have read Mr. Mon¬ 
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roe’s paper with a great deal of interest and 
believe it an excellent paper and very useful 
as a record of the investigations made and 
the reasons for the selection of the particular 
systems being installed for the San Fran- 
cisco-Oakland Bay Bridge Railway. 

We believe a few words about the mer¬ 
cury arc rectifiers being installed in the 
substations would be of interest in supple¬ 
menting Mr. Monroe’s paper. The number 
of rectifiers and their nominal rating are as 
listed by Mr. Monroe. However, in order 
to take care of the exacting service, the 
rectifiers were given a special rating; fol¬ 
lowing continuous operation at'full load they 
will be capable of carrying 150 per cent 
current for two hours, or 200 per cent cur¬ 
rent for 30 minutes, or 300 per cent current 
for five minutes. With the exception of 
the Mole substation, two rectifiers operat¬ 
ing on each voltage were selected for each 
of the substations. Normally both recti¬ 
fiers will be operated during the peak load 
periods, but in an emergency one rectifier 
operating alone will be able to carry the 
load through the peak. At the Mole sub¬ 
station, advantage was taken of an existing 
1,500-kw motor generator set already in¬ 
stalled at this point operating at 625 volts 
direct current. For this reason two 1,000- 
kw rectifiers were installed to operate in 
multiple with this motor generator set on 
the basis that two units would be available 
at all times for carrying the peak loads. 
All of the rectifiers are of the 12-anode 
12-phase type with the exception of the 
two 1,000-kw equipments operating at 625 
volts in the Mole substation. 

The natural output characteristic of a 
mercury arc rectifier is similar to that of a 
shunt machine; that is, the output voltage 
is reduced as the load current is increased. 
The voltages used, 625 and 1,300, are the 
maximum which it is desired to apply to 
the distribution system and traction equip¬ 
ment. If, therefore, the rectifiers were 
selected to provide this voltage under full 
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load conditions, too high a voltage would 
result at light load. To insure good operat¬ 
ing voltage and prevent excessive voltage at 
light loads, the rectifiers are provided with 
control grids which in conjunction with a 
voltage regulator serve to maintain constant 
bus voltage from zero to 150 per cent load 
on the rectifiers. Above 150 per cent load, 
the rectifiers operate on their natural charac¬ 
teristic, having approximately 5 per cent 
regulation. Consequently, in assuming load 
from 150 per cent to 300 per cent, there will 
be a drop in voltage of some 7Va per 
cent. 

Voltage control of these rectifiers is ob¬ 
tained in the usual manner by delaying the 
firing of the main anodes at loads below 
150 per cent in order to reduce the output 
voltage to the required value. The regu¬ 
lator varies the phase angle of the voltage 
applied to the grids by applying a d-c bias 
to the neutral of the grid supply trans¬ 
formers. This d-c bias is obtained from a 
small motor generator set, the output 
voltage of which is controlled by the regu¬ 
lator. The regulators are also equipped 
with load balance coils for the purpose of 
insuring equal loading between rectifiers 
operating in multiple. In the case of the 
Mole substation, 625-volt equipment, load 
balance is insured in a similar maimer 
between the two 1,000-kw rectifiers and the 
1,500-kw motor generator set. The regu¬ 
lators are fast in operation so that the 
voltage will be maintained approximately 
constant regardless of rapid variations in 
load. 

At the Mole substation, the two 6-phase 
1,000-kw, 625-volt rectifiers are supplied 
by transformers having their high-voltage 
windings connected wye and delta, respec¬ 
tively, and, in addition, an interphase trans¬ 
former is connected between the two units. 
When both six-phase rectifier units are in 
operation, their combined output will there¬ 
fore be the equivalent of a single 2,000-kw 
12-phase rectifier. 
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